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THE FEASIBILITY OF USING VIRTUAL PROTOTYPING TECHNOLOGIES FOR PRODUCT 
EVALUATION 
Roland A. Barge 
With the continuous development in computer and communications technology the use of 
computer aided design in design processes is becoming more commonplace. A wide range of 
virtual prototyping technologies are currently in development, some of which are commercially 
viable for use within a product design process. These virtual prototyping technologies range 
from graphics tablets to haptic devices. With the compression of design cycles the feasibility of 
using these technologies for product evaluation is becoming an ever more important 
consideration. 
This thesis begins by presenting the findings of a comprehensive literature review defining 
product design with a focus on product evaluation and a discussion of current virtual 
prototyping technologies. From the literature review it was clear that user involvement in the 
product evaluation process is critical. The literature review was followed by a series of 
interconnected studies starting with an investigation into design consultancies' access and 
use of prototyping technologies and their evaluation methods. Although design consultancies 
are already using photo-realistic renderings, animations and sometimes 360 0 view CAD 
models for their virtual product evaluations, current virtual prototyping hardware and software 
is often unsatisfactory for their needs. Some emergent technologies such as haptic interfaces 
are currently not commonly used in industry. This study was followed by an investigation into 
users' psychological acceptance and physiological discomfort when using a variety of virtual 
prototyping tools for product evaluation compared with using physical prototypes, ranging from 
on-screen photo-realistic renderings to 3D 3600 view models developed using a range of 
design software. The third study then went on to explore the feasibility of using these virtual 
prototyping tools and the effect on product preference when compared to using physical 
prototypes. The forth study looked at the designer's requirements for current and future virtual 
prototyping tools, design tools and evaluation methods. 
In the final chapters of the thesis the relative strengths and weaknesses of these technologies 
were re-evaluated and a definitive set of user requirements based on the documentary 
evidence of the previous studies was produced. This was followed by the development of a 
speculative series of scenarios for the next generation of virtual prototyping technologies 
ranging from improvements to existing technologies through to blue sky concepts. These 
scenarios were then evaluated by designers and consumers to produce documentary 
evidence and recommendations for preferred and suitable combinations of virtual prototyping 
technologies. Such hardware and software will require a user interface that is intuitive, simple, 
easy to use and suitable for both the designers who create the virtual prototypes and the 
consumers who evaluate them. 
Keywords: virtual prototyping, product design, product evaluation, physical prototypes, CAD, 
industrial design, haptic, digital tools, ergonomics, designer, requirements, consumer, 
feasibility 
-13-
Acknowledgements 
I..Q Lo'!ghb.orough 
.Umverslty 
My thanks to all the following organisations and individuals who have made this research 
possible. 
Firstly I would like to dedicate this thesis to Dr Robin Hooper who tragically lost his life in the 
first year of writing this thesis as without his expertise and guidance in previous years, I would 
not be where I am today. 
The Department of Design and Technology, Loughborough University, particularly to my 
Director of Research Professor Mark Porter and my tutors Dr R. lan Campbell and Kevin S. 
Badni for all their guidance and support. 
To all the professionals, student designers and all the other participants of all my studies for 
their patience, support and co-operation. 
Finally to my family for their love and support, for being there when I needed them throughout 
my entire academic career. 
-14-
Acronyms 
2D 
3D 
AR 
ASCII 
AP 
APT 
SOM 
CAD 
CAE 
CAID 
CAM 
CAVE 
CE 
CFD 
CNC 
CNS 
CRT 
CTP 
CTS 
DLP 
DMU 
(n)DOF 
DVD 
DXF 
FEA 
FFM 
FMGC 
FOV 
GCSE 
GOMS 
GUI 
HAVS 
HCI 
HMD 
HOQ 
HSE 
IDSA 
IGES 
LCD 
MS 
MIT 
MR 
NASATLX 
NIST 
NMQ 
NPD 
Two Dimensional 
Three Dimensional 
Augmented Reality 
American Standard Code for Information Interchange 
Augmented Prototyping 
Automatically Programmed Tools 
Bill of Materials 
Computer Aided Design 
Computer Aided Engineering 
Computer Aided Industrial Design 
Computer Aided Manufacture 
Computer Animated Virtual Environment 
Concurrent Engineering 
Computational Fluid Dynamics 
Computer Numerical Control 
Central Nervous System 
Cathode Ray Tube 
Carpal Tunnel Pressure 
Carpal Tunnel Syndrome 
Digital Light Processing 
Digital Mock Up 
n Degrees of Freedom 
Digital Versatile Disc 
Data eXchange Format 
Finite Element Analysis 
FreeForm Modelling 
Fast Moving Consumer Goods 
Field of View 
General Certificate of Secondary Education 
Goals, Operators, Methods and Selection 
Graphic User Interfaces 
Hand Arm Vibration Syndrome 
Human Computer Interaction 
Head Mounted Display 
House of Quality 
Health and Safety Executive 
Industrial Designers Society of America 
Initial Graphics Exchange Specification 
Liquid Crystal Display 
Mega Byte 
Massachusetts Institute of Technology 
Mixed Reality 
National Space Agency Task Load Index 
National Institute of Standards and Technology 
Nordic Musculoskeletal Questionnaire 
New Product Development 
-15-
11! L01;1ghh.omugh 
.Umverslty 
OBJ 
P&G 
PC 
PDA 
PDF 
PDM 
PLO 
PLM 
QFD 
QTVR 
RAM 
RDV 
RM 
ROHS 
ROM 
RP 
RPG 
RSA 
SEED 
SEQUAM 
SPEC 
STEP 
STL 
STReSS 
SUS 
TDRG 
TFT 
TV 
UCD 
UK 
US 
USB 
VE 
VP 
VR 
VTD 
WARP 
WEEE 
WIMP 
Object file 
Procter & Gamble 
Personal Computer 
Portable Digital Assistant 
Portable Document Format 
Product Data Management 
Programmable Logic Device 
Product Lifecycle Management 
Quality Function Deployment 
QuickTime Virtual Reality 
Random Access Memory 
Repeatable Digital Validation 
Rapid Manufacture 
Restriction of Hazardous Substances Directive 
Range of Motion 
Rapid Prototyping 
Role Playing Games 
Ig Loughborough 
• University 
Royal Society for the Encouragement of Arts, Manufactures & Commerce 
Sharing Experiences in Engineering Design 
Sensorial Quality Assessment 
Standard Performance Evaluation Corporation 
Standard for the Exchange of Product model data 
STereoLithography file format 
Stimulator for Tactile Receptors by Skin Stretch 
System Usability Scale 
Tactile Display Research Group 
Thin Film Transistor 
Television 
User Centred Design 
United Kingdom 
United States 
Universal Serial Bus 
Virtual Environment 
Virtual Prototyping 
Virtual Reality 
Virtual Tactile Display 
Workbench for Augmented Rapid Prototyping 
Waste Electrical & Electronic Equipment Directive 
Windows Icons Menu Pointer 
-16-
Chapter One: Introduction 
1.1 Introduction 
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This chapter begins by explaining the background to the research and introduces the focus of 
and need for the work. The aims of the thesis and the initial research objectives are then 
presented, followed by an overview of the thesis structure. 
1.2 Research background 
The move away from the traditional methods of industrial design such as sketching and foam 
modelling towards a digital process based on computer aided design (CAD) heralds what is 
now a vital part of the design process in many design consultancies. The use of product 
evaluation through virtual prototyping (VP) techniques is central to a fast and cost-effective 
deSign process. With the rapid development of VP technologies and the ongoing evolution of 
three dimensional (3D) CAD modelling, the next logical step is to increase user interaction 
with virtual concepts as opposed to physical prototypes. Depending upon the product 
application, immersive or non-immersive VP technologies could be employed. The key 
advantage of using virtual product representations is the ability to allow users to interact with 
complex, high fidelity 3D design data without the need to produce expensive and often fragile 
physical models. However, for this to be successful, users must be able to interact with the 
virtual product in an intuitive and natural manner. 
Even with the use of rapid prototyping (RP), which is now commonplace in industry, design 
consultancies in a competitive market can generally not afford to spend the additional time 
and money required to manufacture and test multiple physical prototypes. Alongside this, 
product quality is becoming increasingly important for remaining competitive in today's market. 
Due to this and to the time compression of the product life cycle, virtual prototypes could 
potentially replace physical ones for product evaluation and validation by designers, 
managers, engineers and consumers. 
The focus of this research is an investigation into the use of virtual prototyping technologies 
for product evaluation during the early stages of design. There is an emphasis on finding ways 
to improve the usability and functionality of these VP technologies for future generations of 
industrial designers, with the aim of making recommendations for improved hardware, 
software and methods of evaluation. 
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With the widespread use of CAD systems in industry, industrial designers have little choice but 
to use these systems for product design and evaluation. However, existing 3D CAD systems 
are far from perfect and tend to be aimed either at engineers (with packages such as 
Pro/ENGINEER) or at freeform animators (with packages such as Alias Maya). These are two 
ends of a spectrum that has industrial design in the middle of the other disciplines. Current 
CAD package tools that enable designers to evaluate their products (or concepts) tend to 
focus on the engineering end of the spectrum with tools such as Finite Element Analysis 
(FEA) and Computational Fluid Dynamics (CFD). These tools are now well developed, but 
when it comes to the opposite end of the spectrum, tools for visual product evaluation that 
consist of photo-realistic renderings, product animations and 360 0 3D models are relatively 
under-developed. The increasing speed of personal computers (PCs) and new technological 
innovations in human computer interfaces have brought about a wide variety of emergent vp 
technologies that could aid product evaluation. Examples include haptic devices and 
stereoscopic displays. These relatively new interfaces could be the next step to further 
improving user interaction with virtual prototypes. The literature in this area is lacking and the 
associated devices themselves are under developed when it comes to use for product 
evaluation. This is especially pertinent since the UK has an ageing population and older users 
who have difficulties with their sight, hearing, mobility and the use of their hands [Butters, 
1998], and who will require that these interfaces are designed inclusively. 
The main motivation for undertaking the research reported in this thesis, was to determine and 
to evaluate the main issues associated with the use of VP technologies (both hardware and 
software). The issues included user acceptance of VP technologies as well as the 
effectiveness of using them during product evaluation to help with the comparison of different 
design alternatives. This is a field where little previous research has been reported and yet the 
impact on the development and marketing of products could be huge. 
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The principal aim of the research was to identify the feasibility and validity of product 
evaluations using virtual prototyping technologies. A secondary aim was to identify how these 
technologies could be improved to provide better comfort and performance for users. The 
following objectives were set for the research programme: 
• To determine the current state-of-the-art and previous research conducted in the field 
of computer-based product evaluation. 
• To investigate the feasibility of various virtual prototyping technologies for product 
evaluation. 
• To provide recommendations for the improvement of current and future virtual 
prototyping hardware, software and methods. 
• To investigate the strengths and weaknesses of existing virtual prototyping hardware 
and software. 
• To propose scenarios illustrating how new and emerging virtual prototyping 
technologies could be used to enhance user evaluation of virtual prototypes. 
1.5 Thesis structure 
The first requirement of the research was to establish the current state-of-the-art in this area. 
Hence, the thesis opens with an initial literature review covering three main topic areas: 
• Product design (Chapter 2), 
• Product evaluation (Chapter 3), 
• Virtual prototyping technologies (Chapter 4). 
From the outcomes of the literature review formal definitions of the product design process, 
CAD and virtual prototyping were determined. The strengths and weaknesses of emergent VP 
technologies were identified and their feasibility for use with product evaluation assessed. 
Having identified the current limitations of research in this area, Chapter 5 presents a set of 
research questions that were developed to drive the remainder of the project. Chapter 6 
includes an initial questionnaire study that was undertaken to establish the methods and 
technologies currently used in industry and to compare them with the research literature. 
Using the results of this study and the outcomes from the literature review, a series of 
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experimental trials then provided evidence of the level of user acceptance and their 
psychological and physiological discomfort with the selected VP technologies (Chapter 7) . 
These were followed by further experimental trials that provided evidence of the feasibility of 
using these technologies for product evaluation (Chapter 8) . A secondary questionnaire study 
was then used to determine designers' requirements for the next generation of product 
evaluation technologies (Chapter 9). Together, these provided the basis for the creation of a 
set of product evaluation scenarios for designers and consumers to evaluate using an on line 
questionnaire. Finally, conclusions and recommendations were drawn from the research and 
suggestions for future work were made (Chapter 10). The structure that the research followed 
and the resultant chapters in the thesis are shown in Figure 1.1. 
I Chapter One: Introduction I 
• 
Initial research 
Chapter Two: Design Chapter Three: Product Chapter Four: Virtual 
process evaluation prototyping technologies for 
(Process, life cycle, computer aided (What is it, why, where in design process ?) product evaluation 
design) (Hardware, software, next generation) 
+ 
l Chapter Five: Research questions & methodology I 
+ 
Main 
Chapter Six: Study A: Initial industrial design consultancy questionnaire 
t 
Chapter Seven: Study B: The prevalence of psychological and physiological discomfort 
in virtual prototyping evaluation technologies 
(Experimental trials & questionnaire, semi structured interview, observation) 
t 
Chapter Eight: Study C: The validity of using virtual prototyping evaluation 
technologies vs. using physical prototypes 
(Experimental trials & questionnaire, semi structured interview, observation) 
t 
Chapter Nine: Next generation of virtual prototyping technologies 
(Questionnaire, expert statement, user matrices, scenario design & evaluation) 
~ 
I Chapter Ten: Conclusions & recommendations for future research J 
Figure 1.1 - An outline of the structure of the research and the resultant chapters in the 
thesis 
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This chapter covers the evolving role of the designer, the nature of the product life cycle and 
different views of the product design process. This is followed by an introduction to computer 
aided design and its history, concept, role and application . It goes on to define various product 
modelling techniques from surface to parametric modelling giving the reader background 
knowledge of product design that will be required when reading future chapters. 
2.2 The changing role of the designer 
The role of the designer has evolved over time primarily due to the continual development of 
products and technology. Therefore, it is important to define the current role of the designer. 
There are four main parties involved in the traditional product development process: the client, 
the designer, the maker and the user. The client sets the brief or objectives, the designer 
works to transform the brief from an idea into a detailed product proposal to allow the maker to 
manufacture the product and deliver it to the user. The possible ways in which those roles 
may be divided between one or more individuals or groups of people are briefly described 
below [Norman, 1995]. 
a) Self sufficient: Four roles combined in a single individual who provides the brief, the 
specification and the design to meet it, as well as evaluating the outcome. 
b) Designer-makers: Client and user combined in one individual ; designer and maker in 
another. 
c) Specialist designers: The separation between the roles of the designer and maker has 
been a natural development, allowing individuals to acquire specific knowledge such as 
legislation and regulations, capability of manufacturing equipment, CAD and consumer 
research . Success relies on the quick and reliable communication between the 
participating specialists. 
d) Mass production: The division of the roles of the client and user relates to the 
organisation of society based on mass manufacture. The company acts as a client, 
providing a design brief as a result of market research ; designers are company staff or 
perhaps an outside design conSUltancy. Similarly the manufacturing may be outsourced. 
This author believes that these roles should be developed further as the role of designer has 
changed with the development of available technology and should now include design teams. 
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This is where the designer forms one part of a complete team of people ranging from 
engineers to marketing specialists with a centralised computer network used to support 
concurrent engineering . Another option could be where the designer takes on the other roles, 
using computer technology to help with the various tasks. 
2.3 Product life cycle 
The product life cycle and its management will become increasingly important as 'design for 
sustainability' [Birkeland , 20021 and the environment becomes ever more important. 
Government legislation such as Waste Electrical & Electronic Equipment (WEEE) , 2006 (SI 
2006 No. 3289) concerning the recycling and disposal of electronic equipment, matched by 
concern with global warming and the environment, will force designers to consider each 
product's entire life cycle. It is also important to identify where the 'design ' and the 'evaluation ' 
of a product occurs in such a cycle. Every product goes through a life-cycle 'from cradle to 
grave '. Figure 2.1 shows one model of the stages through which a product travels during its 
life, which will be used as the defining model for this thesis thus helping to define the scope of 
the research. 
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Figure 2.1 - Product life cycle [Pahl & Beitz, 1995] 
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There are many viewpoints on product life cycles, the concept of which has existed for a long 
time. From a marketing viewpoint (see Figure 2.2) there is introduction, growth, maturity and 
decline [Norman, 1995] where, at the various life cycle stages, different strategies in sales, 
pricing and advertising will be followed . 
urnover 
prol~ 
Mar,el 
tnlroducliOn 
Gro.~ and 
ma:unty 
Poss~le 
recovery 
Figure 2.2 - Marketing product life cycle [Pahl & Beitz, 1995] 
From the viewpoint of resource usage, there are the raw materials which are processed during 
manufacture, the resources consumed during the product's usage and the final disposal of the 
product via waste , re-use or recycling. The manufacturer's viewpoint of a product's life cycle is 
imagination, definition, realisation, support and retirement. From the user's viewpoint the life 
cycle lasts from the moment they acquire it, through using it, to the moment they stop using it 
or dispose of it [Stark, 1948]. 
Product Lifecycle Management (PLM) is the management of a company's product throughout 
its entire lifecycle. It is undertaken in an effort to bring the product to market more quickly and 
effectively while providing better support for its use and managing its end-of-life issues. 
Essentially, PLM is a holistic approach bringing together elements such as products, services, 
skills , processes and standards, going hand in hand with concurrent engineering. Design will 
impact the effectiveness of PLM through the development of products that can be re-used and 
easily disassembled while making use of recycled materials to create items that, in an ideal 
world , are sustainable. 
2.4 Product design processes 
Having defined the concept of a product life cycle and thus when the 'design' takes place, it is 
now necessary to discuss the more specific concept of 'design processes'. It is necessary to 
define these processes in order to identify where product evaluation takes place and the 
nature of the designer's and consumer's involvement. 
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There are many written definitions of a design process which include: 'A goal-directed problem 
solving activity' [Archer, 1965]; 'The optimum solution to the sum of the true needs of a 
particular set of circumstances' [Matchett, 1968]; and the more abstract but eloquent 
definition. 'To initiate change in man-made things ' [Jones, 1992]. In its simplest form the 
design process can be broken down into the three stages of analysis, synthesis and 
evaluation; otherwise named as divergence, transformation and convergence [Jones, 1992], 
as illustrated in Figure 2.3. 
analysis Aree nebulous ;de •• G divergence 
synthesis transformation 
evaluation convergence 
Figure 2.3 - The convergent nature of the design process [Jones, 1992] 
A more complex model of a design process, as shown in Figure 2.4, is the five stage model. 
The process begins with the recognition that a problems exists together with a period of 
preparation and research on the issue. The insight that will result in the final solution requires 
a period of incubation which comes from the subconscious mind. During the early stages it is 
important to record these ideas. Once an insight has occurred, a period of development and 
testing is required to work the idea into a solution [Lawson , 1980]. 
I! S? 
prepara t ion 
recogmslng that a p roblem eXists and 
delCrmlnlng to tack le tt . 
anempts to understand Ihe problem 
and to produce solullons. 
periods of relaxat ion allOWing subconscIOus 
thought . 
sudden emergence o f the Idea (the 'act 
of Insight ' or 'creat ive Icap' ) 
co nSCIOus development and test Ing of 
Ihe Idea in to a workable solution. 
Figure 2.4 - A five stage model of the creative process [Lawson, 1980] 
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Figure 2.5 shows a diagrammatic representation of a complete design model. The design core 
consists of the key stages of the design activity: investigation, idea generation, synthesis, 
manufacture and evaluation. Around this is the design boundary which encompasses all the 
factors that need to be taken into consideration (e.g. performance, testing and materials) as 
illustrated by Pugh's plates [Pugh, 1991]. This model shows the process of meeting the users' 
needs that is completed by the manufacture and evaluation of a working model. 
INfORMATION 
on materials, 
mechani5ms. 
efectronic 
devices etc. 
Figure 2.5 - Design activity model [adapted from model used by SEED, 1984] 
Design process models as shown in Figure 2.5 show design as a linear process, whereas a 
design process has feedback and is continuous. Most authors agree that it is usual to cycle 
through this sequence many times and some; Asimow [1962] and Watts [1966] suggest that 
each cycle is progressively less general and more detailed than the one before. For this 
reason some models of the development process are shown as circles or spirals. It is 
preferable to understand that the models in Figure 2.6 are considered as one loop of the circle 
or spiral [SEED, 1984]. 
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Figure 2.6 - Cyclic and spiral design models [SEED, 1984] 
All of these design activity models or design strategies are produced in order to make sense of 
a designer's activities; some of the models are more successful at this than others. Jones 
[1992] discusses various design strategies from the traditional 'linear strategy' generally taught 
in schools, where each stage is dependant on the outcome of the previous stage. If an earlier 
stage has to be repeated this creates a feedback loop; a potentially endless loop is the 
designer's main problem if no solution can be found, otherwise known as the 'cyclic strategy'. 
When design actions are completely independent of each other, a 'branching strategy' is 
possible. This model can include both parallel and alternative stages allowing an adaptation of 
the strategy according to the outcome of previous stages. 'Adaptive strategies' are those in 
which only the first design action is decided at the beginning; the choice of each action 
thereafter is influenced by the outcome of the previous one. This is, in principle, the most 
intelligent strategy due to the fact that the process is always guided by the best available 
information. However, the disadvantage is that the designer is unable to predict or control 
design cost or time. Many designers prefer the adaptive strategy, but a simplified version of 
this is the 'incremental strategy' which forms the basis of traditional craft-based designing. 
2.4.1 Concurrent engineering 
The development of computer and communication technology has allowed the generation of 
new product design processes of which concurrent engineering, as shown in Figure 2.7, is 
one of the most important. Concurrent engineering (CE) relies on a central networked 
database which stores product and project data. This allows everyone involved in the design 
process to have access to the latest information at the same time, allowing a parallel design 
strategy. This can help to reduce design costs, increase product quality and shorten the time-
to-market by bringing together design teams with an appropriate variety of specialist skills. 
However, CE is not always the best approach on projects such as high risk or developmental 
design projects [McMahon & Browne, 1998; Barr, 1997]. 
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Figure 2.7 - Concurrent engineering model [McMahon & Browne, 1998] 
2.4.2 User centred design 
The term 'User-centred design' (UCD) originated in a research laboratory at the University of 
California, San Diego in the 1980s and became widely used after the publication of a book 
entitled 'User-Centred System Design: New Perspectives on Human-Computer Interaction' 
(HCI) [Norman & Draper, 1986]. It is a leading edge process which has seen increasing 
popularity with the rise of 'human factors' and usability in product and software design. 
Products on the market are not always intuitive and at times can leave the user frustrated and 
unable to complete even simple tasks. UCD is an umbrella term used to describe a design 
process in which end-users influence how the design takes shape and is both a broad 
philosophy and a collection of specific methods. There is a variety of ways in which users can 
be involved in design, but most importantly, users are involved. One approach is to consult 
users about their needs and to involve them at specific times during the design process, 
typically during requirements gathering and usability testing (see Figure 2.8). At the opposite 
end of the spectrum there are methods where users have a deep impact on the design by 
being involved with designers as partners throughout the design process [Abras, 2004; Gould 
and Lewis, 1985]. 
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Figure 2.8 - A user-centred design process [Buurman, 1997] 
Norman's work stressed the need to fully explore the needs and desires of the users and the 
intended uses of the product. The need to involve actual users, often in the environment in 
which they would use the product being designed, was a natural evolution in the field of UCD. 
With UCD, users become a central part of the development process and their involvement can 
lead to more effective, efficient, intuitive and safer products hence contributing to the 
acceptance and success of a product. Users can form an important part of the designer's 
product evaluation process (as further discussed in chapter 3). 
2.4.3 Use of anthropometries 
Anthroprometrics deals with the measurement of the dimensions and certain other physical 
characterisitics of the body, e.g. volumes, centres of gravity, interial properties and masses of 
body segments [Sanders & McCormick, 1983]. It is wise to consult literary sources such as 
Pheasant [1996] or Sanders & McCormick, [1983] when designing with the use of 
anthropometric data and evaluating products. However, a relatively new development is the 
use of computer software for ergonomic simulation and evaluation. Programs such as 
SAMMIE CAD [2007] or Jack [UGS Corp., 2007] could lead to the automatic analysis of CAD 
models against ergonomic and anthropometric data. 
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There are three general principles for applying the anthropometric data to design problems, 
adapted from Sanders & McCormick [1983]: 
• Design for extreme individuals: In designing certain features, the designer should try 
to accommodate all (or virtually all) of the population in question. It is frequently the 
practice to use the 5th female percentile and 95th male percentile. 
• Designing for adjustable range: Certain features of equipment can be designed to be 
adjusted according to the individuals who use them; for instance the height of desks and 
office chairs, it is generally the preferred method but is not always possible. 
• Designing for the average: There is no average person. They may only be average in 
one or two dimensions; designers often design for the average as a 'cop-out'. 
2.5 Computer aided design 
Computer-aided design (CAD) describes the use of a wide range of computer-based tools that 
assist engineers, architects and other design profeSSionals in their design activities and is 
probably one of the most important developments in the designer's toolbox. It is the main 
geometric authoring tool within the product Iifecyc/e management (PLM) process and involves 
software and sometimes special-purpose hardware. Current software packages range from 
20 vector-based drafting systems to 3D solid and surface modellers. CAD is sometimes 
translated as "computer-assisted drafting", "computer-aided drafting" or other similar phrases. 
2.5.1 Computer aided design: a brief history 
When developing the next generation of virtual prototyping technologies it is important to have 
background knowledge on how these technologies have developed. In the 1950s the idea of 
interactive computer graphics was conceived, but their development was slow due to the 
expense and inadequacy of the available computer hardware. Massachusetts Institute of 
Technology (MIT) was responsible for the majority of the development during this period, with 
the Whirlwind computer and the concept of numerical control on 3-axis milling machines, 
SAGE and the Automatically Programmed Tools (APT). The 1960s was one of the most 
crucial periods for research with the development of a system called the' Sketchpad' by Dr. 
Ivan Sutherland at MIT. Sketchpad demonstrated that it was possible to create drawings and 
alterations interactively on a Cathode Ray Tube (CRT). During the mid-1960s, General Motors 
announced their DAC-1 (Design Augmented by Computers), Lockheed Aircraft introduced 
CADAM and Bell Telephone Laboratories unveiled GRAPHIC 1. 
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The 1970s was the 'go/den era' for computer drafting and wire frame modelling. Early solid 
modelling software first started to appear in the late 1970s. Taking basic geometric objects 
and combining them using Boolean operations such as removing a cylinder from a block to 
create a hole. Also, the potential for increased productivity through data exchange was 
realised by industry, with the development of IGES (Initial Graphics Exchange Specification) in 
1979. 
The 1980s saw the continued development of systems such as GMsolid by General Motors, 
Romulus by ShapeData and Solidesign by Computervision, with new algorithms allowing the 
integration and automation of elements of design and manufacturing. The major research 
focus was on 3D geometrics, accurate surface representation and further engineering 
applications. The hardware kept pace, providing improved displays and the introduction of 
microcomputer based CAD/CAM systems. The 1990s saw the rise of Autodesk, with its 
AutoCAD system selling over 500,000 licenses in 1990 alone. Open GL was released by 
Microsoft, developed by Silicon Graphics it was a standard for 3D colour graphics 
programming and rendering. Unigraphics introduced hybrid solid modelling, featuring both 
advanced parametric and traditional constructive modelling technologies. Dassault systems 
and IBM combined forces and merged CATIA and CADAM. In the 1990s, Parametric 
Technology sold Pro/ENGINEER, the first parametric modelling CAD/CAM program and high-
end 3D solid modelling package. Solid Works released an ambitious 3D package based on 
the Parasolids modelling Kernel with good complex surface modelling and an easier graphical 
user interface. Computer hardware continued to develop at an exponential rate alongside 
developments in CAD software [brief history was adapted from Zeid, 1991; Bozdoc, 2000]. 
While CAD / CAM has come along way since the 1950s, its future holds further challenges 
where current research efforts should be aimed both at integrating and automating design 
from concept to rapid manufacture and at improving user interfaces. Supporting these 
applications will be better and faster computer systems, more efficient networking and 
communication systems and developments in human-machine interfaces. 
2.5.2 Geometric modelling techniques 
The following section identifies the current 3D geometric modelling techniques currently 
employed in today's CAD packages. The 'high end' packages tend to employ a combination of 
these techniques. 
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These are included to provide background information and definitions of the terms included in 
further discussion later on in the thesis [adapted from McMahon & Browne, 1998; Bedworth et 
al., 1991]. 
• Wire-frame modelling: Wire-frame modelling is a technique for representing 3D objects 
in which all surfaces are visibly outlined. 
• Surface modelling: A model is represented by specifying the surfaces of the model; it is 
primarily used for creating aesthetic surfaces that also perform a function such as car 
bodies and turbine blades, or, more visibly, in animation packages. 
• Solid modelling: The two most successful techniques are constructive solid geometry 
and boundary representation. In the constructive solid geometry method, models are 
constructed using combinations of solid primitives such as cuboids and spheres which 
can be combined, intersected and subtracted. Boundary representation is where 
surfaces have added information about their connectivity as a collection of faces, edges 
and vertices defining the part. 
• Parametric modelling: Each entity, such as a line in a wireframe or a filleting operation, 
has parameters associated with it which control the various properties of the entity, such 
as the length, width and height of a rectangular prism, or the radius of a fillet. They also 
control the locations of these entities within the model and can be changed by the 
operator as necessary to create the desired part. 
• Feature based modelling: Feature-based modelling refers to the construction of 
geometries as a combination of features. The designer specifies features in engineering 
terms such as holes, slots, or bosses rather than geometric terms such as circles or 
boxes. As the model is passed from designer to manufacturer it is clear what each 
feature represents because it is defined in the model. 
2.5.3 Human computer interaction 
One central issue of this research is the relatively new field of human-computer interaction 
(Hel). One working definition of human-computer interaction is 'a discipline concerned with 
the design, evaluation and implementation of interactive computing systems for human use 
and with the study of major phenomena surrounding them'. From a computer science 
perspective, the focus is on interaction and specifically on the interaction between one or 
more humans and one or more computational machines. Human-computer interaction studies 
both the mechanism side and the human side, but in a narrow class of devices. 
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When the human is considered as a group of humans or an organisation, then further issues 
arise for example; interfaces for distributed systems, computer-aided communications 
between humans and the nature of the work being cooperatively performed by means of a 
system. Hel is mainly an interdisciplinary area; it is emerging as a speciality concern within 
several disciplines, each with different emphases: computer science (application design and 
engineering of human interfaces); psychology (the application of theories of cognitive 
processes and the empirical analysis of user behaviour); sociology and anthropology 
(interactions between technology, work, and organisation); and industrial design (interactive 
products) [Baecker et al., 1992]. Since Hel studies a human and a machine in communication, 
it draws from supporting knowledge on both the machine and the human side. On the 
machine side, techniques in computer graphics, operating systems, programming languages 
and development environments are relevant. On the human side, communication theory, 
graphic and industrial design disCiplines, linguistics, social sciences, cognitive psychology and 
human performance are relevant. Of course, engineering and design methods are also 
relevant; the breadth and width of Hel are illustrated in Figure 2.9. 
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Figure 2.9 - Human computer interaction [Baecker et al., 1992] 
2.5.4 User interface design 
Usability is an attribute that assesses the ease-of-use of software user interfaces and also 
refers to methods for improving ease-of-use during the design process. Usability can be 
defined as having five main components [Nielsen, 2003]: 
• Learnability: How easy is it for first time users to accomplish basic tasks? 
• Efficiency: Once learned, how quickly can they perform tasks? 
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• Memorability: How easy is it to re-establish proficiency, after a period away? 
• Errors: How many, how severe and how easily can they be recovered from? 
• Satisfaction: How pleasant is it to use the design? 
There are many other important quality attributes to usability, but one key attribute in the 
design's functionality is Does it do what users need? It matters little that something is easy, if 
it's not what the user requires. It is also not acceptable if, hypothetically, the system can do 
what the user wants, but he or she cannot make it happen because the user interface is too 
difficult [Nielsen, 2003]. The following, [adapted from Loughborough University, 2003] makes it 
clear that software should be simple, accessable and intuitive, consistent with conventions or 
standards, flexible (customised to individuals' requirements) and efficient. It should also be 
effective in prompting and giving feedback, have the ability to avoid errors and allow recovery. 
Other factors that can affect software usability are [Loughborough University, 2003]: 
• Choice of input device: Providing keyboard access to all features and simple mouse 
clicks for common tasks. 
• Choice of output methods: Allowing users to choose between the use of sound, 
visuals, text and graphics. 
• Consistency: Ensuring applications interact with other applications and system 
standards in a consistent predictable manner. 
• Compatibility with accessibility aids: Where possible, building applications using 
standard interface elements that are compatible with accessibility aids. 
Another side of user interface design is the design of hardware interfaces; Sanders & 
McCormick [1983] adapt a table of comparisons on the speed and accuracy of positioning a 
cursor (see Table 2.1), illustrating the need to select the best device for the task and user. 
Usually there is a trade off between speed and accuracy. 
Device Speed (Ranking) Accuracy (Ranking) 
Touch screen 1 (fastest) 116.5 Ooint worst) 
Light pen 2 116.5 Ooint worst) 
Digitizing tablet 3 112 
Trackball 4 111 (best) 
Force joystick 5 
Position joystick ! 6 " 4 
Keyboard 117 (slowest) 115 
Table 2.1 - Comparison of various devices on speed and accuracy of cursor 
positioning [Sanders & McCormick, 1983] 
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The most intuitive method of operation is two handed operation; computers tend to rely on 
either the keyboard or a mouse. With the design of touch table [Northrop Grumman, 2007] 
and other interaction devices, two handed manipulation of these technologies and software is 
now possible, allowing a more natural and efficient operation. Ergonomics Technologies 
Corporation [2007] has analysed two contrasting human-computer interfaces. An assessment 
was conducted between two CAD input methods using designers at a manufacturing 
company. The two input methods assessed were the conventional one-handed method using 
a mouse, augmented by keyboard function keys, versus a two-handed method using a 3D 
motion control device and mouse as illustrated in Figure 2.10 
Pan Rotate (X·Z axIs) Zoom Rotate (V axis) 
Figure 2.10 -Intuitive controls of a 3D navigation device [3D Connexions, 2004] 
The report by the Ergonomics Technologies Corporation [2007] shows a reduction in overall 
movement and extremes of movement, which in turn should reduce fatigue and increase 
comfort. Although this data is biased towards the use of 3D motion controllers, it is clear to 
see that time and effort can be saved when using such devices when compared with one 
handed use of input devices. Where an operator would normally pause to navigate or to 
complete a command, two handed operation allows of a more intuitive control of the 
navigation combined with the command controls of the other input device. However, other 
issues such as the learning curve, accuracy, control and manual dexterity arise when using 
such devices with both hands. 
2.5.6 Role, trends and applications of CAD 
Industrial designers have traditionally worked with non-digital media for concept generation 
and modelling; sketching, blue foam modelling and other manual prototyping methods were 
used [Loughborough University, 2001]. Throughout the traditional design process, the design 
is unresolved until the physical product is finally manufactured. 
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There is always the need for a variety of CAD product models to be evaluated and refined. 
These models play an important part in communicating ideas or analysis to others, be they 
team members or users. Figure 2.11 shows an example of such a system of CAD models 
showing that there is a great variety of ways in which CAD can be implemented. 
Figure 2.11 - Various CAD models [McMahon & Browne, 1998] 
Within every design company, CAD is utilised in slightly different ways. Some use it solely for 
engineering drawings, some may use it as a visual aid and yet others for engineering analysis. 
The important issue is that the CAD system is properly integrated into the company's existing 
product development process. Once the conceptual design forms in a designer's mind, the 
geometric model starts to take shape. A model is then created by the designer through the 
relevant software. Only once a design is finalised, probably after a few iterative design cycles 
of testing and evaluation, can process planning begin. This is followed by the computer aided 
manufacturing (CAM) process, where interface algorithms are usually utilised to extract 
information such as identifying features used in manufacturing [Zeid, 1991]. 
Table 2.2 shows a range of CAD tools that are required to support the design process through 
its different stages as described by Zeid [1991]. The main tools of a CAD system are 
geometric (e.g. 3D surface or solid) modelling and graphics applications such as colour 
rendering, animation and manipulation of the model in the 3D workspace. Visualisation can 
aid conceptualisation and communication, whereas modelling is ideally suited for deSign 
analysis packages such as finite element analysis. 
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Geometric modelling, graphics aids, manipulations; visualisation. 
As above: animation, assemblies; special modelling packages. 
Analysis packages, customised programs and packages. 
Customised applications, structural optimisation. 
Dimensioning, tolerances, bill of materials, numerical control. 
Drafting and detailing; shaded images. 
Table 2.2 - CAD tools required to support the design process [Zeid, 1991] 
The development of CAD and associated hardware has seen the expansion of the role of 
digital tools in the designer's 'toolbox' from conception, utilising current technologies such as 
the graphics tablet, through to the next generation of technologies such as 3D sketching as 
illustrated in Figure 2.12. 
Application Spectrum of 
Degrees 3D Sketching 
of 
Latitude 
Conception Conceptual 
of Idea Design Detailing 
Degree of 
Design 
Detailing 
Figure 2.12 - Application spectrum of 3D sketch modelling [Krause, 1997] 
Some CAD packages, such as Pro/ENGINEER, tend to focus on engineers, while artists and 
animators tend to utilise packages such as 3D Studio Max. However, using the concurrent 
engineering model, these packages are being employed by a wider range of users such as 
industrial designers, managers and manufacturing technicians. This has led to increasing 
problems with their usability, functionality and compatibility. By implementing a purely digital 
process, manufacturers can foster more effective communication between departments, make 
better products and enjoy greater profits due to a speedier time-to-market [Arabe, 2004]. As 
access to higher bandwidth internet becomes more readily available, CAD packages could 
integrate this technology into their products in areas such as online support, training, 
databases of existing parts [Autodesk Inc., 2007] and other online resources. 
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CAD packages are too processor-intensive to move completely on to the internet in their 
current state. However, some CAD related applications like Adobe Acrobat 3D [Adobe, 2007]; 
Holomatix Blaze 3D [Holomatix, 2007] and Autodesk's DWF online CAD visualisation tool can 
be used for design collaboration via the internet. As these packages develop and CAD 
visualisation becomes increasingly important in a worldwide market this could, in turn, lead to 
an increase in computer supported collaborative work [Folini, 2006]. 
2.6 Collaborative design 
The development of virtual prototyping and communications technologies has seen the 
emergence of 'new' design methodologies. In the longer term, consumers might play a larger 
role in designing and customising the goods they wish to buy, much like the Dell Computers 
[2007] philosophy, but on a much grander scale. The development of CAD software and 
communication technologies will help drive this mass customisation. There are dramatic 
changes going on today in the relationship between designers, producers and consumers. 
Due to these developments consumers now have access to information about new products 
and services from producers, service providers and other consumers. They also have access 
to a full range of alternative products and services mainly provided by the internet [SonicRim, 
2003]. 
Mass produced products tend not to appeal to consumers on a personal level. Manufacturers 
try to solve this by providing customisation services, allowing special orders and custom 
specifications. Many provide a flexible product that, once purchased, can be tuned and 
tailored to the person who purchased it, as in the case of mobile phone face plates. However, 
some manufacturers will only allow minor personalisation such as a change of colour, size or 
material. Norman [2004] speculates that customisation will eventually extend to mass 
personalisation across a wide range of products such as clothes, furniture and electronic 
goods. This is becoming more feasible, with computer controlled production and 
manufacturing reducing production times to a matter of hours or days. Companies now place 
more emphasis on reducing inventory costs and applying just-in-time manufacturing, a 
strategy that is paving the way for the mass customisation of products. Many firms no longer 
produce huge quantities of the same product. Instead they tailor product to meet customers' 
specific needs in order to become more competitive [Arabe, 2004]. Currently, customisation is 
available to the consumer at a limited level; however, the future could be the mass 
personalisation of all products. 
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When consumers purchase a product it seldom fits their exact requirements; consumers have 
a choice of five ways of dealing with this, as discussed by Norman [2004], these are: 
• Live with it. 
• Customise it: It is difficult to produce something truly customisable. 
• Customised mass production: Is currently very limited (e.g. Dell computers), 
technological and communication developments will expand this option. 
• Design their own products: Arts and crafts. 
• Modify purchased products: This is the favourite method, i.e. self-personalisation 
Piller et al. [2003] present four possible modes of collaboration for customisation: consumer 
direct; manufacturer-driven collaboration; retail-driven collaboration and the intermediary-
based mode. Each mode has its own distinctive demands and requirements (see Table 2.3 for 
a more generic overview of the benefits and drawbacks of these different modes). The most 
suitable mode for the product evaluation proposed in this research would be the intermediary-
based collaboration method where consumers would assist designers in the customisation of 
a design. 
Consumer 
direct 
Manufacturer 
driven 
collaboration 
Retail driven 
collaboration 
Intermediary 
based 
collaboration 
Advantages 
• No direct channel conflicts 
• Absence of interface problems 
• Clear interaction partner for customer 
• Clear owner of relationships and customer 
knowledge 
• Use of retailers existing experience of interacting 
with consumers efficiently 
• Cost savings by outsourcing of customer 
interaction and information handling to retail 
• Sales channels and interaction points are known 
by consumers 
• Close proximity to customer, existing experience 
of interacting with consumers efficiently 
• Low level of channel conflicts 
• Experience shopping 
• Reduction of market uncertainty on the 
manufacturer side 
• Possibility of avoiding intemal conflicts and 
channel conflicts 
• Economies of specialisation 
• Economies of scale and enhanced efficiency 
• Shared reputation, exchange I re-use of customer 
data 
Disadvantages 
• Often lacking or insufficient capabilities to deal 
with consumers 
• High investments required to build up interaction 
system 
• Possibility of indirect conflicts if standard products 
are still sold through traditional channels 
• Need to acquire new knowledge and skills 
necessary for customer interaction may demand 
investments of manufacturer into retail partners 
• Motivation of sales personnel 
• Managing of different contact points 
• Ownership of customer relationships and sharing 
of gained knowledge 
• Need to acquire abilities to be able to control 
supply and manufacturing chain 
• Often weak understanding of how to manage and 
integrate all activities along the mass 
customisation supply chain 
• Difficulties in realising full benefits of better 
market research information 
• Requires deep understanding of whole mass 
customisation system 
• Additional transaction costs 
• Growing complexity of ownership of information 
and relationships 
• Increase in filtering may result in loss of 
information 
Table 2.3 - Advantages and disadvantages of modes of collaboration for customisation 
[Piller et al., 2003] 
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Co-design may occur in different forms and the success of user involvement in product 
development process mainly depends on the type of relationship between the designer and 
the user, the knowledge transferred and the level of interaction between them [Spina, G. et al. , 
2002] . Co-designing requires the active participation of a development team throughout a 
product design process (which should include users at some stage) and can be organised 
according to two main paradigms: synchronous co-modelling / co-modification design and 
asynchronous assembly-based design [Li & Oiu , 2006]. In a synchronous co-modelling/co-
modification paradigm as illustrated in Figure 2.13, each user is able to participate in design 
collaboration simultaneously, with modelling and modification capabilities. During an iterative 
design process, changes imposed by a user can be communicated with other participants and 
merged with a concurrent design model. Suitable co-ordination and synchronisation 
mechanisms are crucial to scheduling a design activity in parallel and ensuring that no conflict 
arises during this real-time and iterative process. Real-time data sharing is an essential 
requirement to ensuring collaboration , but is hard to achieve because of the limited bandwidth 
of the internet and the large amount of data that needs to be shared. A new kind of feature 
representation is under active exploration by Li & Oiu [2006] in order to optimise the 
transmitted data during a co-design activity. 
O" ... ISoo'l ColI :lbornti ve Ser"er Lld!g""' ) 
Figure 2.13 - A synchronous co-design environment [Li & Qiu, 2006] 
In an asynchronous assembly-based paradigm as illustrated in Figure 2.14, a co-design 
activity is centrally managed and coordinated at an assembly level. Assembly constraints are 
encapsulated as interfaces to support different designers in cooperation and to ensure that the 
sub-assemblies and components allocated to individuals are compatible with each other. 
Although real-time sharing is not essential , an optimised representation strategy for 
assemblies, simplifying data to avoid sluggish transmission is still desired. Meanwhile a 
mechanism by means of which changes in a sub-assembly or component can be propagated 
to the entire assembly structure is imperative in maintaining consistency [Li & Oiu , 2006]. 
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Figure 2.14 - An asynchronous co-design environment [Li & Qiu, 2006] 
Enhancing collaboration continues to be a key feature in CAD / CAM development as 
companies' operations, competition and markets become more global. Arabe [2005] states 
that 'CAD and CAM tools are taking on more functionality, thereby allowing for increased 
collaboration between departments. ' Sharing data is a greater priority not just for companies 
that choose to move operations abroad, but also for those that remain . Through increased 
collaboration , companies can reduce costs and tailor more products to meet their customers' 
specific needs, thereby becoming more competitive. The availability and increased use of the 
internet and broad band have facil itated the use of online viewers and collaborative 
environments. As collaboration is becoming increasingly frequent in the current global 
manufacturing and industrial market, the current common direction of CAD and PLM is to be 
collaboration-oriented in order to facilitate the reliable , secure and efficient transfer of data . Li 
& Qiu , [2006], state that a collaborative product development system can be organised in 
either 'horizontaf or 'verticaf mode. Horizontal collaboration puts the emphasis on gathering a 
design team from the same or different disciplines to carry out a task systematically. Vertical 
collaboration can establish an effective communication channel between the upstream design 
and the downstream manufacturing simulation / optimisation tools . It can enrich the principles 
and methodologies of CE to link diversified engineering tools dynamically. These differing 
levels of collaboration and interaction between users permit collaboration to be generally 
categorised into three types [adapted from Li & Qiu , 2006]: 
• Visualisation-based collaboration: has the advantage of facilitating collaborative and 
distributed conceptual design or product review. NetMeeting , email services and mark-
up tools on the design model are some of the ways to facilitate the collaboration 
process. To alleviate the sluggish transfer of large-volume models, concise 3D formats 
have been launched to simplify them. Under this collaboration , communication can be 
maintained either asynchronously or synchronously. 
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• Co-design collaboration: targets a more interactive activity for a conceptual or 
detailed design having complex requirements of co-ordination and organisation among 
users. Can be conducted either asynchronously or synchronously. Teamwork 
techniques such as roles and responsibilities are crucial to guaranteeing the success 
of th is simultaneous co-design activity [CoS paces Project Consortium, 2005] . 
• CE-based collaboration: extends the CE principle, wh ich is based on the integration 
of design and related manufacturing processes for a life-cycle consideration . To 
support distributed applications and geographically dispersed users, resources can be 
integrated into an internet environment beyond physical boundaries and time zones . 
Requirements for computer-supported cooperation between designer and customer have 
been identified by Tuikka et al. [1998] who state the following important requirements for 
consideration : 
• The system should work with various kinds of equipment and be easy to use 
• Smooth integration of the computer system with design work 
• Excellent visualisation of the concept 
• Easy transfer of files and synchronisation of 3D models 
• Support of awareness of other users 
• Design rationale should be tracked 
There is a wide range of commercial visualisation-based systems available on the market 
today. Table 2.4 shows some of these systems and their characteristics [Li et al., 2006]. 
Products 
Cimmetry Systems Autovue ™ 
(www.cimmetry.com) 
~==============~ 
ConceptWorks ™ 
(www.realitywave.com) 
Actify SpinFire™ 
(www.actify.com) 
SolidWorks eDrawing TM 
(www.solidworks.com) 
Centric Software Pivotal Studio™ 
(www.centrisoftware.com) 
Hoops Streaming ToolkitTM 
(www.hoops3d.com) 
RealityWave ConceptStation ™ 
(www.realitywave.com) 
Autodesk Streamline ™ 
(www.autodesk.com) 
Characteristics and functions 
1) A viewer for part and assembly models . 
2) View, mark-up, measure, explode, cross-section , etc. 
1) An add-on viewer to SolidWorks. 
2) View and mark-up. 
1) A viewer for part models. 
2) View, cross-section , measure, grid and ruler. 
1) A viewer for native or simplified SolidWorks files. 
2) View, mark-up, measure, 3D pointer, animations. 
1) Provides a workspace manager, organiser and viewer for part models. 
2) View, mark-up, video / audio conferencing , chat. 
1) A toolkit to provide 3D streaming API 's. 
2) BaseStream library , compression , attribute support, prioritisation , etc. 
1) A VizStream platform, which consists a server and a client. 
2) View mark-up, message. 
1) A platform based on the VizStream. 
2) View, measure, bill of materials. 
Table 2.4 - Characteristics of some visualisation-based systems [Li et al., 2006] 
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From the research it is clear that there is no definitive 'design process' as such , rather there is 
a wide range of design process models and theories , some of which have been discussed in 
this chapter. From the traditional linear process to a more realistic cyclic, spiral or iterative 
process models. Every model has similar elements from idea generation through to 
development and evaluation. For the benefit of this research the 'concurrent engineering 
modef as part of a complete product life cycle [Pahl & Beitz, 1995] defines the scope of the 
research and as a basis for discussion in future chapters. 
Computer aided design will continue to develop and expand its viable applications with the 
aim of aiding the designer in their design process, in turn this could affect the design 
processes employed by designer's in the future . With environmental issues such as waste 
disposal and recycling high on the agenda of both consumers and the Government, PLM will 
become an increasingly important model for companies to adopt, leading to PLM becoming an 
important part of CAD software development. There could be further integration of mechanical 
simulation and analysis into mainstream CAD packages such as Finite Element Analysis 
(FEA) , Computational Fluid Dynamics (CFD) and mechanical simulation that applies the rules 
of physics, such as mass or acceleration , to a product assembly. However these technologies 
need to be simplified allowing novice users and designers to understand and use this complex 
technology and the results it produces. CAD software could also become increasingly become 
more intelligent, improving productivity by speeding up the design process, suggesting options 
to designers along the way and identifying problems earlier. The software could "think" for 
designers, anticipating what they are creating , although this has to be balanced against the 
risk of removing the designer entirely from the process or interfering too much in their design 
process. Software could also increasingly offer materials options and manufacturing 
processes, automatically assessing the integrity of a design as it is created, by using built-in 
FEA and CFD, helping to speed up time-to-market and reducing the risk of product failure . All 
of these background processes will require a significant increase in computing power 
compared with current systems [Teague, 2005; McEleney, 2004]. 
From the research is clear that evaluation of a product forms a vital part of any design 
process; it is also clear that it is essential to involve the user in this process. It is also clear that 
advancing CAD development is generating tools that would be useful for bringing users into 
the designer's product evaluation task. Chapter 3 goes on to discuss product evaluation in 
detail , covering existing product evaluation methods, prototyping techniques and the elements 
that could affect the evaluation process. 
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It is necessary to research how designers and consultancies design and evaluate products as 
this provides a background for the development of future product evaluation technologies and 
methodologies. Therefore, this chapter presents a review of literature and discussion on 
product evaluation techniques used in industry. It begins by defining product evaluation and 
discussing its importance in design, and goes on to examine human behavioural models and 
user characteristics. This is followed by a discussion on the role of computer aided design and 
the consumer within the product evaluation process. It then discusses the various product 
evaluation techniques and their place within a design process. 
Product evaluation is the key focus of this thesis; it is also one of the salient activities in any 
design process. Whether it is a linear or iterative cycle, any design process model contains 
some form of evaluation (see Chapter 2), in which the involvement of users is essential. It is 
important that the term evaluation is clearly defined to provide a starting point for later 
discussion. Weiner & Simpson [1989] describe evaluation as 'the action of appraising or 
valuing (goods, etc); a calculation or statement of value'. Scriven [1967] and Clarke [1999] 
identify two main types of evaluation : summative, which assess the overall impact / 
effectiveness; and form ulative , which improves a product or invention. This could be related to 
conceptual design evaluation (formulative) and final product evaluation (summative). 
The importance of early and continuous evaluation during the design process can best be 
understood by evaluating the percentage of overall cost apportioned to each stage in 
development. Norman [1995] states that 80% of the total product costs are committed during 
the design process, with the majority assigned in the early stages. Although the majority of 
actual costs occur during tooling for production , it is difficult to reduce these costs at the later 
stages. This process of reviewing a design constantly is known as value engineering. 
Although the evaluation process is in fact a continuous and iterative process as described in 
Chapter 2, there are still natural 'checkpoints' for evaluation in any design process, these are 
used both in industry and in academia . These 'evaluation checkpoints' vary for each designer 
and their design process but one example could be evaluation of: existing products, multiple 
concepts, working prototype, pre-production prototype and actual product. 
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In order to fully understand what product evaluation is and when it should take place, it is 
important to first discuss the human behavioura l models. Human interaction with products is a 
complex system of dependencies. Some human behaviour is based on instinct, genetically 
passed to us from our parents, while other actions, such as creativity, require a complex brain 
structure. Norman [20041 states that these attributes result from three levels of the brain, the 
visceral, the behavioural and the reflective (see Figure 3.1). 
Sensory Input 
@ 
@) 
® 
@ 
~ 
Motor Response 
Figure 3.1 - The three levels of processing [adapted from Norman, 2004] 
Norman [20041 describes the visceral level as fast ; making rapid judgements of what is good 
or bad, safe or dangerous, sending appropriate signals to the muscles (the motor systems) 
and alerting the rest of the brain. The behavioural level is the site of most human behaviour, 
its actions can be enhanced or inhibited by the reflective level and it can inhibit or enhance the 
visceral level. The highest level is that of reflective thought. This does not have direct access 
to sensory input or motor response, instead it watches over, reflects upon and tries to bias the 
behavioural level. Norman goes on to suggest that this interaction and the three levels of 
human behaviour can be simplified and mapped to the following product characteristics: 
• Visceral design: Appearance. 
• Behavioural design: The pleasure and effectiveness of use. 
• Reflective design: Self-image, personal satisfaction , memories. 
Therefore, any product evaluation will involve all three levels. Effective visceral design 
requires an effective industrial designer, visual and graphic artist ; shape, form , feel and texture 
are all significant and are about immediate emotional impact. Sensuality and sexuality play 
important roles; the sleek, elegant and exciting visual design of the Aston Martin Vanquish, is 
an example of visceral design. Behavioural design is all about performance, function , usability 
and physical feel. 
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Good behavioural design goes hand-in-hand with an iterative user-centred design process, 
rapid product development and rapid prototyping , an example of which is the series of Casio 
G-Shock watches which are both efficient and effective. Reflective design is about the 
message, culture and meaning of a product and its use; it is relative to self image and the 
memories that such products invoke [Norman , 2004]. It is important to consider all these levels 
when creating questions for a product evaluation such as those introduced in Chapter 7. 
A more complex model of human behaviour was developed by the psychologist Abraham 
Maslow who describes a 'hierarchy of human needs' [Maslow, 1970]. This model views the 
human as a 'wanting animal ' that rarely reaches a state of complete satisfaction . Maslow's 
hierarchy is illustrated in Figure 3.2, the idea of which is that, as soon as a person has fulfilled 
needs lower down on the scale, they will then want to fulfil the needs higher up. This implies 
that even if lower needs are met, people will still feel frustrated if their higher goals haven't 
been achieved; if a person 's needs are met they still look for something more [Jordan, 2000] . 
Figure 3.2 - Maslow's hierarchy of human needs [Jordan, 2000] 
Jordan [2000] goes on to propose a simple hierarchy of human needs, level one is 
functionality; a product is useless if it does not function properly as this will cause consumer 
dissatisfaction. Therefore the user must have an understanding of what the product will be 
used for, as well as the context and the environment in which it will be used. The second level 
is usability; as soon as users become used to products with appropriate functionality, they 
want products that are easy to use. This more or less represents the current situation where 
having functionality does not guarantee usability. The third level is pleasure; users having 
become used to usable products will soon want something more, such as products offering 
something extra, or that are not only functional but bring emotional benefits too. In order for a 
user to gain pleasure from a product, a certain amount of functionality and usability must be in 
place. 
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This is particularly relevant with software evaluations. Burns and Evans [2000] have adapted 
the 'kano model of product quality' as illustrated in Figure 3.3. The model shows that poor 
implementation of features or functions can enrage or frustrate users depending on their 
expectations. An unexpected feature may provide initial delight but prolonged interaction with 
a poor interface will soon negate any positive feelings. This model shows how users might 
react to the product during their evaluation process. 
Figure 3.3 - Adapted kano model [Burns & Evans, 2000] 
Norman [1995] states that while evaluating a product, deSigners and users are likely to 
evaluate many factors. In some cases the choice can be made quickly on the basis of 
experience or a general feeling about the product's suitability. In other cases, more commonly 
with expensive or complex items, it can be as a result of a long deliberation. In some cases 
there may only be one concept or product that offers what the designer (or user) is looking for, 
but it is far more likely that there will be several competing options available. 
3.3 User characteristics 
Most user research considers evaluation as a goal-directed process, where users are 
motivated to evaluate products with particular use, purpose and I or situations in mind [Gradial 
et al., 1994]. This suggests that users formulate and use a set of criteria to guide their 
evaluation process and that these criteria can then be related to a product's characteristics 
and desired performance levels [Howard & Sheth, 1969]. One suggested theory is the 'four 
pleasures'theory, originally developed by Lionel Tiger in Jordan [2000] and Norman [2004]. 
Which is meant as a guideline for structuring designer's thoughts when deSigning products. It 
divides human experience and motivation into the following four areas: 
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• Physio-pleasure: This is to do with the body-pleasures derived from the senses. In the 
context of products, physio-pleasure would cover, for example, tactile and olfactory 
properties as well as ergonomic issues, combining many aspects of the visceral level 
with some of the behavioural level. 
• Socio-pleasure: This is the enjoyment derived from relationships with others. Products 
and services may help to enhance or facilitate particular social situations and may confer 
social or cultural status on the user, combining aspects of both behavioural and 
reflective levels. 
• Psycho-pleasure: This type of pleasure refers to people's cognitive and emotional 
reactions, including their reactions to the products and services that they use; it is purely 
behavioural in nature. 
• Ideo-pleasure: This concerns people's values. It is important that the values embodied 
in products and services are consistent with the values of those for whom they have 
been designed; it clearly relates to the reflective level. 
The levels of human processing, buying and evaluation behaviour can be used as the basis 
for a holistic understanding of users and their decision making processes. However, all users 
experience a given product differently due to their different personal characteristics. It is 
important to identify these characteristics as factors that affect a user's product evaluation, 
some of which are discussed by Jordan [2000] and have been collated into Appendix 3.1. It is 
essential that designers are aware of the characteristics of users in order to take them into 
consideration when developing and evaluating their designs. 
3.4 Product characteristics 
Just as a person's characteristics will affect their evaluation of a product, the interaction 
between the user and the product can also be affected by elements of that product. These 
elements can be thought of as 'the constituent parts of a design - the building blocks from 
which the overall design is created' [Jordan, 2000]. Designers need to recognise that the 
elements described below must be taken into consideration when evaluating products. Some 
of these elements have been identified below: 
• Aesthetics: The physical appearance of products and has a most pronounced affect 
upon the way in which they are perceived [Pye, 1914]. 
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• Form: Can sometimes draw on a metaphor in order to impart a particular property to a 
product. Many product forms such as the designs of Philippe Starck [2007], which 
challenge conventional thought on product form, have become iconic [Person, 2003]. 
• Colour: Colour can evoke strong associations; for instance in car design, black can be 
associated with status and sophistication and red with performance [Jordan, 2000]. 
• Product graphics: Fulfil a variety of purposes; can show how a product works, or give a 
product some particular look or feel. Can help give the product a particular style or 
ambience, or represent buttons through which a user can interact with a product. 
• Materials, texture & surface finish: The materials from which a product is created can 
play a major role in determining how pleasurable or unsatisfactory the product 
experience is. In some cases they can alter the tactile properties of a product and the 
perception of quality. Sometimes the properties of the material can add a feature, such 
as providing grip to a toothbrush handle [Jordan, 2000]. 
• Sound: Can give useful feedback about the state of a product, can affect the general 
atmosphere surrounding the product and can be seen as annoying or relaxing, 
depending upon the user [Jordan, 2000, Sanders and McCormick, 1983]. 
• Interaction design: From early work that focuses on 'traditional knobs and dials' as 
discussed by Sanders and McCormick [1983], to more contemporary work on usability 
and software based interfaces (see Chapter 4). Some design properties of usable 
interfaces are given in Jordan [2000]. 
• Function: Can affect many factors including its form. The popular phrase 'form follows 
function' was adopted by the Bauhaus designers and applied to the production of 
everyday products [Starck 2007]. In other products, the opposite is true [Michl, 2007]. 
• Comfort: From physiological comfort including attributes such as handles, scale and 
weight to psychological comfort will affect the user's evaluation of a product (discussed 
further in Chapter 8). 
• Packaging: Packaging plays many functional roles from protecting its contents to selling 
it at the point of purchase [Design Council, 2007]. 
• Price, quality and value: For many products and their consumers, price is an important 
consideration; in some cases an overriding factor. Zeithaml [1988] and Dodds et al. 
[1991] discuss the relationship between these factors and brand names and packaging. 
• Brand loyalty: Consumers tend to perceive brand names in relation to quality. Can be 
highly resistant to change as consumers have no incentive to change once they find 
what they want unless there is a real and demonstrable competitive breakthrough [Engel 
et al., 1995]. There are several types of brand loyalty, 'undivided loyalty, occasional 
switch, switch loyalty, divided loyalty and brand indifference' [Mowen & Minor, 2001]. 
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These elements are essential as they can be used as the basis for an accurate product 
evaluation and were used as the basis for the construction of the product evaluation 
questionnaires in Chapters 7 and 8. Some of these product characteristics were also be used 
to help define what technologies are needed to represent a product virtually and to analyse 
the virtual prototyping technologies that participants evaluated in Chapters 7 and 8. 
3.5 Environmental and situational effects 
The environment surrounding a product will often have an important influence on the user in 
an evaluation situation. Therefore, these factors must be considered when undertaking any 
product evaluations because of their influence on the user and must be minimised to reduce 
any effect they may have. These effects can be divided into the following [adapted from Engel 
et al., 1995]: 
• Physical surroundings: Including geographical location, decor, sounds, aromas, 
lighting, visible configurations of products and other material. 
• Social surroundings: Presence or absence of other people in the situation. 
• Time: Time of day, weekend, season, time relating to past or future event such as time 
since last purchase or temporal demands. 
• Task: Particular personal goals or objectives that consumers may have such as 
shopping for a gift compared with shopping for personal use. 
• Antecedent states: The temporary or momentary moods or states such as anxiety, 
stress, or other conditions that the consumer brings into the situation. 
Engel et al. [1995] also refer to the 'information environment' as the entire array of product-
related data available to the user. This is particularly relevant in a virtual representation where 
it is possible to control the amount of information available to the user. The information 
environment also includes the availability of information; either from external sources or 
internally from memory. Another important consideration in the design of virtual prototyping 
systems is the information load as determined by the number of alternatives and the number 
of attributes per alternative. This load can exceed a users capacity so that they are 
overloaded, reducing the accuracy of their product evaluation during decision making. The 
information format can also have an effect; consideration should also be given to non-physical 
information such as perceived product price, quality and image as well as the order in which 
information is processed. 
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Finally, the form of information, whether numerical or semantic, can also have an effect; for 
example users are more likely to compare brands 'attribute by attribute' when presented with 
the information in a numerical form. 
3.6 Product evaluation methods 
Gironimo [2006] states that 'the compression of the product development cycle and the use of 
CAD allow the designer to develop concepts earlier in the design cycle. This however requires 
the comparison of alternative solutions in order to evaluate among several possible solutions, 
the optimal solution or the optimal compromise'. The methods currently used (both in industry 
and theoretically) to evaluate several alternative concepts (or products) are both quantitative 
and qualitative. The quantitative methods are based on the measurement (when it is possible) 
and the performance of the design characteristics that are definable in the concept phase. The 
qualitative methods are based on the users psychological profile (product personality profiling) 
and I or the analysis of the users' mood reaction (mood boards); thus they have the 
advantage of helping the designer to experience, perceive and take into account these values. 
They also introduce emotional values and unexpressed expectations of the user in a product 
development process. These methods are not mutually exclusive and can complement each 
other in many ways. It is necessary to use both of these methods in any evaluation in order to 
gain a 'complete picture' or reliable and valid product evaluation. Observers and evaluators 
are challenged to understand human behaviour in a natural environment, in its complexity and 
individuality. Greene et al. [2001] states that the advantages in mixing methods of evaluation 
are an enhanced validity and credibility of inferences, greater comprehensiveness of findings, 
more insightful understanding and an increased value consciousness and diversity. Users 
may compare a product's performance, whether perceived or actual, as they evaluate 
products both before and after purchase [Gardial et al., 1994]. An overview of some of the 
methods for use in the creation and evaluation of products is outlined in Appendix 3.2 is 
provided as background information on the methods used so far both theoretically and in 
industry; their respective advantages and disadvantages are stated (see relevant author for 
further discussion). It is pertinent to identify these methods, with their advantages and 
disadvantages for consideration for use in this research. 
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It is necessary to identify when product evaluation takes place in the design cycle in order to 
provide a clear focus of the remainder of the thesis. For example, is it happening early in a 
design process, or later when a more complete product is available for evaluation? In a 
traditional design process, product evaluation occurs at the end of the process or in the case 
of a cyclic or iterative process model, evaluation occurs at the end of each cycle (see Chapter 
2). Most of these design processes suggest certain stages [Topalian, 1984] at which concept 
and product evaluations should occur. There are many assumptions made about product 
evaluation, as it is a key activity in any design process. Efficient and accurate evaluations 
allow products to reach the market in time because they help to avoid errors later in a design 
process. When evaluating, designers will always ask themselves whether users like the 
product they are designing, or if it can be made reliable or more usable. Evaluation can be 
seen both as a step by step process with evaluation checkpoints which take place at certain 
times throughout a design cycle and a continuous and iterative process. 
Evaluation checkpoints allow management to define key points throughout their design 
process to check the progress of a design. These checkpoints are usually periods of intense 
activity and are used in conjunction with the designer's own continuous (sometimes sub-
conscious) evaluation process. It is important to identify these checkpoints in relation to the 
application and development of virtual product evaluation and define the scope in which to 
focus this research. Evaluations are also made before and after product launch, continuing 
throughout the entire product life cycle. Crawford [1997] suggests a hypothetical evaluation 
system as shown in Table 3.2. Early product testing (see Table 3.2) was identified as the key 
focus of this research; it was decided to focus on this stage as it will allow the evaluation of 
concepts produced by CAD software with early in-house and consumer evaluation. In the real 
world, the research of Mahajan & Wind [1992] shows that companies take a short-term 
perspective when evaluating a new product's success; their main objectives being profit, sales 
volume and increased market penetration. 
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Phase 
1. Pre-
conceptualisation 
2. Concept 
testing 
13S __ ;~ I 
4. Early product 
testing 
5. Field product 
testing 
6. Market testing 
Procedure 
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Evaluate the finn, its people and its technical capabilities. Evaluate the marketplace. Spell out product innovation 
charter, narrow the focus, evaluate innovation options, communicate and instruct. Generally speaking, we will 
use technological focus, commitment to true innovation and early market precedence. 
As ideation begins, use concept testing appropriate to each concept. Concepts precede technology and relate 
primarily to customer applications. No R&D until concept has support of the marketplace. Exception: if low cost 
prototype is needed for the evaluation. 
Depending on predicted cost accumulation, screening may come early or late. The screen will predict the 
likelihood of our accomplishment (both in R&D and manufacturing), and the likelihood of successful marketing. 
Screening ends with a statement of the performance attributes required of the product, agreed by all parties. 
As concepts begin to take technical fonn, there will be early in-house and then customers application. 
Meanwhile, more market analysis will be done on those concepts that give early positive feedback. 
Phase 4 merges into Phase 5, where we ascertain whether the item has the required perfonnance attributes 
agreed to at the screening stage. This testing is to be of impartial, typical users who fonn the target market. 
During this testing, verify product positioning statements. 
Put the product and marketing plan together for the first time. Interview potential customers to get their opinions 
and attitudes on our new product, set in a commercial mode. Then begin offering it for sale. Delivery may be 
delayed until there are sufficient purchases to warrant production. Start with friendly customers and then move to 
more neutral ones. Resolve pre-agreed critical issues, usually (1) understanding of the final product concept, (2) 
willingness to layout the money for trial supply and (3) mode and success of uses. 
I'=======::::! EJ Unless regular customers won't wait, market introduction will be by rollout regional, customer, or by application, 7. Rollout whichever seems appropriate. Rollout will generally take six months to a year and will speed up if there is early indication of success. Track precise target on concept acceptance, trial rate and successful application. 
Table 3.1 - Hypothetical evaluation system for a new-product program [Crawford, 1997] 
Also, Cooper & Kleinschmidt [1986] find that in only 1.9% of 252 new product introductions 
were all of their 13 new product evaluation activities used by firms in industry (see Table 3.3). 
Activity' Description 
11. Initial screening 1 The initial decision where it was first decided to allocate funds to the new idea. 
12. Preliminary market assessment 1 An initial, preliminary but non-scientific, assessment; a quick look at the market. 
I~================~ 13. Preliminary technical assessment 1 An initial, preliminary appraisal of the technical merits and difficulties of the product. 
4. Detailed market study 1 market research 
5. Business 1 financial analysis 
6. Product development 
7. In-house product testing 
8. Customer tests of product 
9. Test market 1 trial sell 
10. Trial production 
Marketing research, involving a sample of respondents, a fonnal design, and a 
consistent data collection procedure. 
A financial or business analysis leading to a go/no go decision prior to development. 
Design & development of the product resulting in, e.g. a prototype or sample product. 
Testing the product in-house: in the lab or under controlled conditions. 
Testing the product under real-life conditions. 
A test market or trial sell of the product to a limited or test set of customers. 
A trial production run to test the production facilities. 
11. Pre-commercialisation business analysis A financial or business analysis, following development but prior to full-scale launch. 
112. Production start-up 1 The start-up of full-scale or commercial production. 
1
13. Market launch 1 The launch of the product, on a full-scale and/orcommercial basis: an identifiable set 
_ _ of marketing activities specific to this product. 
"These activities provide a reasonable 'skeleton'ofthe new product process (1,3, 10, 12, 15, 17) and were used as a guide during 
the inteNiews to help respondents indicate what occurred during their projects. 
Table 3.2 - New product evaluation activities [Cooper & Kleinschmidt, 1986] 
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Cooper & Kleinschmidt [1986] provided evidence that the majority of firms only used 9 
activities which, related to a limited product development and evaluation process. One third 
(32.7%) used only 7 activities, approximately half of the new product evaluation process. This 
research identified some of the available product evaluation tools used in industry which are 
still relevant today. Graph 3.1 shows the frequency of the various product evaluation 
processes used in the research [Cooper & Kleinschmidt, 1986]. Graph 3.1 shows that in their 
research, 66.9% of companies undertook consumer testing. Although this is not the highest 
percentage of activity it is still significant and provides proof that product evaluation through 
consumer testing plays an important part in any product development. 
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Graph 3.1 - Frequency of new product evaluation process activities 
[Cooper & Kleinschmidt, 1986] 
The completeness of the product development and evaluation process is strongly linked to a 
product's success or failure [Cooper & Kleinschmidt, 1986]. 54.8% of product successes had 
completed nine or more activities and a quarter (23.6%) of all failures had completed five or 
less activities compared to only 4.8% of successes. In short, a more complete product 
evaluation and development process appears to make a difference. Although this research is 
dated, it still shows that the evaluation processes used in industry can differ from the 
theoretical product development processes identified in Chapter 2, providing evidence that 
research was needed into the current product evaluation processes used in industry. A more 
recent study by Mahajan and Wind [1992] shows that the most frequently used methods in the 
new product evaluation process are focus groups, limited rollout and concept testing (see 
Table 3.4). Their research shows an increase in consumer testing through the use of focus 
groups [as proposed by Jordan, 2000]. 
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Model I Method 
Focus groups 
Limited rollout 
Concept tests 
Show tests and clinics 
Attitude and usage studies 
Conjoint analysis 
Delphi I Quality function development (QFD) I Home usage test 
1 Product life-cycle models I Synectics 
11 
11 
I..Q Loughborough 
• University 
Percent SBUs per method (%) 
68 
42 
26 
22 
19 
15 
9 
8 
The remaining 13 models and methods mentioned by 5, or less than 5% of SBUs included (in order of decreasing percentages) sensory work 
with panels, behaviour scan, DEMON, ENTRO, L TM, response surface analysis, sales ware research, AdTEL, ASSESSOR, eRITQUE, 
diffusion, ESP and LITMUS. 
Table 3.3 - Frequently used models and methods in the new product evaluation 
process [Mahajan & Wind, 1992] 
Table 3.5 shows the levels of satisfaction, reasons for use and shortcomings of the various 
models and methods identified in their research. This shows that although focus groups are 
the most common method, other methods are also valid; it identifies the major successes and 
shortcomings of these methods. The shortcomings especially need to be taken into 
consideration when developing any new virtual prototyping and product evaluation tool. 
Model I method 
Level of satisfaction' Primary usage Major shortcoming 
Shortcoming 
Focus groups 
OFO 
Home usage test 
Produ::t I~e-cyde models 
Synectics 6 
Table 3.4 - Levels of satisfaction, usage reasons and shortcomings of the various 
models and methods [Mahajan & Wind, 1992] 
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One important factor in product evaluation is the environment in which it takes place. The 
three main environments in which research is likely to take place are the laboratory, the real 
environment and the computer simulation. The laboratory offers both a high degree of control 
and the ability to collect a large quantity of data. However, with the increase in computer use 
at home there is 'the potential for a more complete simulation of the shopping / purchasing 
experience' [Brucks, 1985]. The real environment has its own problems such as difficulty of 
data capture and the inability to control the environment. Finally there is the computer 
simulated environment, which would require virtual reality of augmented prototyping 
technologies in order to create such an immersive environment (see Chapter 4). 
Some product attributes such as price or brand name are easier to simulate than others. 
Certain consumer goods such as food stuffs, where consumers will often squeeze, smell or 
taste the goods before purchase are more difficult (if not impossible) to simulate; these cues 
cannot be easily reproduced in a simulated environment using current technology. Virtual 
prototyping technologies must aim to represent these cues in a virtual environment; some of 
them can already be achieved (see Chapter 5). To achieve more valid and reliable evaluations 
in a laboratory or a simulated environment situation it is necessary to replicate the real 
environment as closely as possible [Burke, 1992]. 
3.9 Prototyping methods 
There are many different types of virtual and physical prototypes; it is necessary to identify 
these to provide background knowledge on the functions that they provide in a product 
development & evaluation process. Some are described below, but this list is by no means 
definitive [see Shimizu Y. I. et al., 1991; Jordan, 2000]: 
• Visual prototypes: Paper sketches, drawings or on-screen representations which may 
be supplemented with animations, written or oral descriptions. Usually used for initial 
concepts that can be shown to people or evaluated against criteria allowing judgement 
against aesthetics, form and functional qualities rather than tactile responses, efficiency 
and effectiveness .. This.is due to users not being able to interact with a visual prototype, 
therefore making judgements on perceived usability rather than actual performance. 
• Models: Models are physical representations of a product; these will typically be made 
from card, blue foam, clay or even wood and can be used for assessing whether a 
product will fit into its environment of use, as well as checking whether its phYSical 
dimensions are fit for purpose. 
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In its most basic form a model can be used to assess visual qualities against other 
models, or its surface can be represented accurately to reflect how a product would feel 
or balance. 
• Screen based prototypes: Screen based representations of products can allow users 
to interact with a prototype, evaluating a number of different options, interfaces for a 
product. 
• Fully working or functional prototypes: These prototypes are barely distinguishable 
from the actual product. Software based products will be the same as screen-based 
prototypes. The prototype will have all of the design elements of the actual product such 
as form, colour and surface finish, allowing the user to evaluate the prototype fully. They 
are the only prototypes that give a full representation and product experience. Use of 
these prototypes can highlight any incongruities between elements such as form and 
screen usability. However, these prototypes are very expensive to produce. As a 
multitude of prototyping methods exists, traditional methods of manual model-making 
can be found in almost all design realms, but they depend on the domain, the individual 
approaches, the craftsmanship of design teams and their available resources. 
In order to fully evaluate a design it is necessary to create a prototype. Prototypes can take 
many forms from the basic mock-ups in clay or blue foam used in the conceptual stages of 
design, to fully working prototypes used later. There are two main prototyping methods 
covered in this research: 
• Virtual prototyping (VP): Refers to the creation of 'virtual' representations of prototypes 
used in various test methods such as finite element analysis and virtual assemblies, 
which are usually used before physical models are created. 
• Rapid prototyping (RP): Refers to the physical modelling of a design, usually digitally 
driven with additive processes using, for instance, powder or paper in layers, quickly 
producing models from 3D CAD data [Wohlers, 2003]. 
Prototypes are considered to act as a tool, providing a reflective dialogue between designer 
and product. This subjective and context dependent aspect is difficult to assess. The sense of 
interaction with a prototype seems to play an important role in the creation and evaluation 
process. Finished manufactured products may also be evaluated later in the product life cycle. 
A typical prototyping process has been discussed in Dutson et al. [2005] and is illustrated in 
Figure 3.12. 
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This shows one such development model from virtual prototype (as discussed in detail in 
Chapter 5) to pre-production physical prototypes. It is important to identify where physical and 
virtual prototyping might be used in a development process as prototypes will have different 
functions depending upon the stage of the development process (in the case of this research, 
early product testing). 
Physical 
(Pre-Productlon ) 
Prototype 
Additional 
• •• andIor Refined 
Vartual 
~ Prototype 
UpdatedlRefined Desaiptlon of Product 
To Production 
Figure 3.4 - Typical prototyping process in product design [Dutson et al., 2005] 
Geurer [1996] discusses a framework for prototyping, proposing that there are four main 
intentions when modelling a product or concept: 
1. Exploration: Presenting modifiable spatial geometry and supports form-giving process 
(e.g. global shape, features and material characteristics). 
2. Communication: Sharing information; share with other stakeholders to support decision 
making. 
3. Verification: Check that the design meets set criteria and other requirements. 
4. Downstream process specification: To integrate and propagate specifications for 
downstream activities. 
This is a limited framework as a prototype's function changes over time throughout the design 
process. It also does not include other influencing business factors such as social interaction 
and management. It is important to consider this framework as a basis for discussion on the 
uses of physical prototypes which can then be related to virtual prototypes. This framework 
presents the main drivers in physical prototype production that need to be expanded with the 
identification of the user's requirements in future virtual prototyping technologies. 
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This chapter discussed product evaluation, the key focus of this thesis. Although the 
evaluation process is continuous and iterative, there are still distinct points for evaluation in 
the majority of design processes. The focus of this research was chosen to be early product 
testing as at this stage concepts could be represented as complete virtual or physical 
prototypes as opposed to less defined sketches or models. These can then be used to provide 
an effective evaluation which is more likely to involve users as this plays an important part in 
any product development process [Cooper & Kleinschmidt, 1986]. Evaluation criteria can be 
related to a product's characteristics and desired performance levels [Howard & Sheth, 1969]. 
The designer and user must be provided with all of the required information so that they can 
make an informed evaluation. These product characteristics will effect what technologies 
should be employed to represent any specific product. Other factors such as scale, complex 
interaction and environment may also affect the requirements for what virtual prototyping 
technologies are employed. 
Product evaluation methods could take the form of those identified in this chapter. Designers 
not only need to consider what methods to use (or a combination of methods) but whether to 
use virtual and I or physical prototypes in their evaluation process. In order to fully evaluate a 
design it is necessary to create a prototype, be it virtual or physical, that is fully representative 
of the product. It is important to identify where virtual prototyping might be best used to 
accomplish this since prototypes will have different functions at various stages of the 
development process. Therefore, it is necessary to fully understand the capabilities and 
limitations of various VP technologies. To this end, Chapter 4 defines the term 'virtual 
prototyping' and goes onto discuss the current and next generation of virtual prototyping 
technologies for product evaluation. 
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This chapter reviews the literature surrounding currently available technologies that could be 
used for virtual product evaluation and looks at their current applications and suitability for 
product evaluation. It begins with a definition of virtual prototyping, which is followed by a 
discussion on the subject (including both hardware and software) and an examination of its 
role in industry. The chapter then discusses the various technologies, from basic interaction 
devices such as graphics tablets through to stereoscopic displays and haptic devices. It also 
presents existing combinations of these technologies and the supporting hardware and 
software that are needed. 
4.2 Virtual prototyping 
Within and throughout the product development process there is a recognised need for 
prototyping designs (see Chapter 3). This can take the form of either virtual or physical 
prototypes, depending on the stage of a design process, the function of the prototype and the 
results required [8ao et al., 2002]. There are many different definitions of Virtual Prototyping 
(VP) which usually refer to the creation of a model in the computer, often related to 
CAD/CAM/CAE. The difference between VP and conventional computer simulation is that VP 
has a wider scope and, as a replacement for physical prototypes, attempts to address all of 
the related product aspects. In addition to this, VP focuses on human-computer interaction 
[Wang, 2002]. "Virtual or computational prototyping is generally understood to be the 
construction of models of products for the purpose of realistic graphical simulation" [Pham, 
2004]. However this definition does not include engineering evaluations such as Finite 
Element AnalysiS (FEA) or Computational Fluid Dynamics (CFD). A more comprehensive 
definition is "the subsequent manipulation of a solid CAD model as a substitute for a physical 
prototype for the purposes of simulation and analysis, and is not inclusive of the construction 
of the solid 3D model" [Chua, 1999]. The definition used for the purposes of this thesis is from 
Wang [2002], who discusses other definitions but proposes the following: 
"A virtual prototype, or digital mOCk-up, is a computer simulation of a physical product (or 
concept) that can be presented, analyzed and tested from concerned product life-cycle 
aspects such as design/engineering, manufacturing, service and recycling as if on a real 
physical model. The construction and testing of a virtual prototype is called virtual prototyping." 
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Johnson [2005] states that the application of virtual prototyping in the product development 
process is not just a conceptual idea, it is happening already. With further developments in the 
technology (both hardware and software) the number and breadth of applications should 
increase. However, it is the author's opinion that virtual prototyping will never fully replace 
physical prototyping. 
Grimm [2005] suggests that change will be a fundamental barrier to the adoption of virtual 
prototyping as shifting to a new technology takes effort and risk. Seeking concrete answers, 
hard facts and an ability to test the real thing, many people will resist making a decision based 
on virtual information and will tend to confirm the results with a physical prototype. Since a 
consultancy's design process rarely produces an all-encompassing concept, industrial 
designers tend to produce multiple concepts for evaluation. Virtual prototyping software must 
therefore incorporate the multiple versions, product options, or variances that are seen in most 
complex products produced today. Manufacturers have a different set of requirements from 
such a device as they need more than just a visualisation tool; although these tools remain 
integral to the process of design, evaluation and validation. Current users of virtual prototyping 
technology need the digital prototype to handle many options over the entire product Iifecycle, 
starting with concept generation and going on to styling, product design, engineering, 
manufacturing, sales, maintenance and finally retirement. No single software vendor has 
achieved this goal as yet. Chua [1999] has identified the following virtual prototype functions: 
• Finite element analysis, 
• Mechanical form, fit, interference checking, 
• Mechanical simulation, 
• Virtual reality applications, 
• Cosmetic modelling, 
• Ease of assembly. 
Based on these and the chosen definition of virtual prototyping, the essential components of a 
virtual prototype can be identified. This has been attempted by Tseng et al., [1998], showing 
how a CAD model can be developed into a number of models as illustrated in Figure 4.1. This 
shows the wide range of models required to produce, analyse and test an effective virtual 
prototype from simulation models through to haptic and visual renderings. Ideally, a virtual 
product should be viewed, listened to, smelled and touched by the user in a true physics-
based virtual environment. 
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Figure 4.1 - Components of a virtual prototype [Tseng et al., 1998] 
Depending on the range of technologies used and the intended application, a virtual prototype 
will only include some of the identified components. These components need to be configured 
into an appropriate system, an example of which has been identified by Tseng et al., [1998]. 
Figure 4.2 shows the various relationships between the design, visualisation and simulation 
systems, all linked to a centralised database as supported by the concurrent design process 
model (see Chapter 2). 
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-SchecUe. 
-Testing 
Figure 4.2 - Configuration of VP-aided design environment [Tseng et al., 1998] 
Virtual prototyping systems such as this can provide a quick, iterative design process, where 
problems can be rectified more quickly than with a physical prototyping process [Clayton et al., 
1996]. 
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Solving problems in the virtual domain can help to reduce the number of physical prototypes, 
thus reducing costs and time. It must be stated that virtual prototyping requires high initial 
investment costs both in hardware and software and also demands skilled and experienced 
operators to extract the full benefit from the software. Also, the transfer of data between 
differing VP systems (interoperability) is poor and vendors often recommend total 
reconstruction of parts [Prawel, 2007; Chau, 1999]. 
The definition of a virtual environment (VE) as stated by Ellis [1995] is "the synthetic, 
interactive, illusory environment perceived when a user wears or inhabits appropriate 
apparatus, providing a co-ordinated presentation of sensory information mimicking that of a 
physical environment." The wide range of applications of VP and VE's produces a set of 
requirements that make it very difficult or almost impossible to build a single system to fit the 
needs of every application [Oliveira, 2003]. However, Wang [2002] suggests that VEs can 
greatly enhance VP in many areas; facilitating an immersive understanding of a virtual 
product, especially for ergonomic and aesthetic design, as well as immersive customer 
participation in design and evaluation. Typically, VEs can: 
• Assist with intuitive surface modelling and sculpture body modelling. 
• Enhance the interface of finite element analysis and computational fluid dynamics. 
• Aid the analysis of assembly, manufacturability and maintainability, immersing an 
operator while performing tasks. 
Due to complexity, cost, time and the need for a wide range of expertise, it was decided to 
focus this thesis on commercially viable virtual prototyping; for example, on non-immersive 
(desktop) systems. This definition includes hardware such as the PHANTOM® haptic device 
and stereographic displays as well as associated software such as Pro/ENGINEER 
[Parametric Technology Corp., 2007] and Freeform Modelling Plus 8.2 [SensAble 
Technologies Inc., 2007]. 
4.3 Physical prototyping 
Although this thesis concentrates on virtual prototyping technologies for product evaluation it 
is important to define alternative solutions and to point out where virtual prototyping 'fits' within 
a modern design process. Grimm [2005] states that: 'it is becoming increasingly feasible to 
use virtual prototypes in lieu of physical, rapid prototypes'. 
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However, as a reality, complete replacement is certainly far in the future, if it is at all 
appropriate, as the author believes there will always be some need for physical prototypes. 
The main technology currently employed in industry for physical prototyping is Rapid 
Prototyping (RP) this is primarily because of the easy link to CAD. 
4.3.1 Rapid prototyping 
RP is a widely used term in engineering, particularly in the computer software industry where it 
was first coined to describe rapid software development. The term has also been adopted by 
the manufacturing industry to characterise the construction of physical prototypes from a solid, 
powder or liquid (as an additive process) in a short period of time when compared with 
'traditional' subtractive machining methods. This technology has also been variously referred 
to as layer manufacturing, material deposit manufacturing, material addition manufacturing, 
solid freeform manufacturing and three dimensional printing [Chua, 1997]. According to Chua, 
these RP models are used for: 
• Form fitting. 
• Ergonomics checks. 
• Proof of concept (to confirm design with industrial designers). 
• Manufacturability (design for tooling, design for assembly). 
• Reliability check (e.g. does a part break when force applied). 
• Kinematics check. 
This is also illustrated in Graph 4.1 which shows how companies currently use RP models. It 
can be seen that its applications are as diverse as the industries that utilise RP [Wohlers, 
2003]. 
VI ..... aldsror=~#fR --~:-=e 
Graph 4.1 - Uses of RP models in industry [Wohlers, 2003] 
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Rapid prototyping models are becoming widely used in many industrial sectors, although there 
is a high initial setup cost followed by high running costs for machines and materials per 
model. Initially conceived for design approval and parts verification, RP now meets the needs 
of a wide range of applications. From the building of test prototypes having material properties 
close to those of production parts, to the fabrication of models for art, medical or surgical uses, 
RP is in widespread use. In order to satisfy the specific requirements of a growing number of 
new applications, various software tools, build techniques and materials have been 
developed. Ph am [2004] identifies the following range of models and applications: 
• Functional models: Selective laser sintering is widely used for producing polyamide-
based models for functional tests. 
• Patterns for investment and vacuum casting: RP is widely used for building patterns 
for investment and vacuum casting. 
• Medical or surgical models: RP is applied in the medical/surgical area for building 
models that provide visual and tactile information. 
• Art models: Through building RP models, artists can experiment with complex artwork 
which supports and enhances their creativity. 
• Engineering analysis models: Various software tools exist, mainly based on FEA, with 
which to speed up the development of new products by enabling design optimisation 
before physical prototypes are available. By employing RP techniques it is possible to 
begin test programmes on physical models much earlier, complementing the FEA data. 
Chua [1999] states that RP is generally preferred to VP for kinematic simulation, assembly, fit 
and interference checking. Since it creates a physical part, RP allows the user to gauge the 
size of the prototype and to make ergonomic and tactile evaluations. Rapid prototyping parts 
are also used for eliciting manufacturing input, usually for a cross-functional team where 
representatives from all disciplines evaluate the prototype from their own specialist 
requirements. Most RP parts suffer from drawbacks in their mechanical properties, as some 
components can be brittle or prone to warping. The need to build supports in many RP 
systems can also create problems; very thin parts cannot be 'grown' in some of them. 
4.4 The integration of virtual and physical prototyping 
The mere existence of virtual prototyping does not mean that it will entirely replace physical 
prototyping. This belief is based on the assumption that physical and virtual prototypes are 
mutually exclusive, but, as discussed by Grimm [2005], nothing could be further from the truth. 
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Chua [1999] states that most design process models assume that virtual prototyping occurs 
before physical prototyping in the product development process. There are many areas where 
the distinction between physical (rapid) prototyping and virtual prototyping is blurred. As RP 
systems rely on CAD to generate the files needed to produce physical prototypes, it would 
seem that, as a process, RP exists downstream from VP. This is illustrated in Figure 4.3. 
Serial 
11 Conceptual Detail Engineering Prototyping Tooling Production I design design analysis 
--------------------------------------------------------------------------------
I Conceptual design I 3D CAD Concurrent modening 
I Detail design I 
I Virtual prototyping I VR&FEA 
I Engineering analysis I I Time I savings 
I Prototyping I Rapid prototyping and manufacturing 
I Tooling I 
I Production I TIm e 
Figure 4.3 - Integration of virtual and physical prototyping in concurrent engineering 
[Pham, 2004] 
The model becomes a central component of the entire product database so that in all design, 
analysis and manufacturing activities the same data is utilised. 3D virtual prototypes ensure 
that most problems with interference and fit become obvious early in the product development 
process. Assemblies can be verified for interference through analysis; structural and thermal 
analysis can also be performed on the same model, as well as the employment of CAE 
applications and simUlation of downstream manufacturing processes. Ultimately, these 
accurate and data-rich models can be taken directly to RP and CAM applications, speeding up 
process planning and in some cases eliminating the need for drawings [pham, 2004]. This 
view is supported by Campbell [2003] and Gibson et al. [2005] who propose a new system 
which enables the simultaneous creation and modification of two analogous prototypes, one 
virtual and one physical. This could be achieved through the real-time, two-way integration 
between the physical and virtual media so that when one model is modified, the other is 
similarly changed. This can be implemented through either hardware or software based 
integration [Campbell, 2003]. Rather than the manual tracking of a hand-held device over a 
physical prototype, 3D scanning might be a better method of data input, which would allow 
faster integration between the physical and virtual prototypes. Figure 4.4 shows some of the 
classifications of both rapid and virtual prototyping systems used currently in industry. 
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Figure 4.4 - Classification of RP and VP [Chua, 1999] 
A comparison of physical (rapid) prototyping and virtual prototyping has been included in 
Table 4.1. Table 4.1 does not include the creation of the 3D CAD model and assumes that 
data can be imported into all packages. 
Factor Virtual Prototyping Rapid Prototyping 
I Price I High initial setup and licensing costs. Cheap to High initial setup and build costs. Costs dependant · . create multiple versions thereafter. on complexity and type of system. ~======~~========================~ 
I 
Timescales I Depends on model complexity, analysis and Time taken to produce model (depends on 
· . hardware (seconds to days or weeks). complexity) plus time taken to 'grow' model. 
~========================~ 
Tactile I Haptic Haptic devices are under-developed. Can simulate close to real product (dependant on process used). 
~========================~ I Training Training needed in software. I Training in software and hardware needed. 
~======~~======================~ 
I Flexibility Very flexible, multiple variations possible by Fixed once 'grown'. New versions must be grown · changing parameters. anew. 
I Quality Highly dependent on ability of modeller. 
Can make many iterations, complex calculations, 
Key advantages various mechanical analyses and virtual 
ergonomics assessments. 
Key Non integration of packages, leading to 
disadvantages interoperability. Lack of confidence in 'virtual' data. 
Dependant largely upon the hardware used (high 
quality models can be expensive). 
Can touch product, good for fit and ergonomics 
checks; can be used in the consumer's home 
environment. 
Constructs required. Some methods brittle, some 
cannot produce thin walls. Some materials cannot 
be manufactured yet. 
Table 4.1 - A comparison of virtual and rapid prototyping for product evaluation 
The simUltaneous operation of both virtual and rapid prototyping techniques stems from the 
development of the concurrent engineering process. It makes sense, therefore, to develop 
multiple virtual prototypes. Products being prototyped need to be broken down for different 
configurations and assemblies within those different versions. The 'big picture' in design 
requires the ability to see the latest design iteration right across the company. 
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No complex product design can be finished in a single session or by a single person and 
because a concept keeps changing, any system needs to handle multiple changes to multiple 
configurations. Virtual prototypes must also be sufficiently dynamic to act as a real prototype 
such that when one part is updated, subsequent parts and assemblies are also updated. This 
enables the identification of issues such as clash and interference, as well as reflection on the 
changes they cause. Grimm [2005] states that virtual prototyping will not replace rapid 
prototyping, but will certainly affect it. If virtual prototyping becomes widely used, it may 
significantly reduce the number of rapid prototypes that are made. In this scenario, a single 
rapid prototype would be used to verify the results of numerous virtual iterations, thus saving 
significant time and money. Pressures to reduce time-to-market are great, especially in the 
consumer electronics, automotive and aerospace industries. For example, car manufacturers 
are launching new vehicles in a two year cycle instead of five and Boeing [2007] has reduced 
its design process to one year, saving millions of dollars in the design of the '787 Dreamliner' 
by using virtual prototyping and other process improvements [Design and Innovation, 2006]. 
4.5 Virtual prototyping hardware 
In order to create and interact with a virtual prototype and its environment, a system of 
enabling technologies (hardware and software) is required. The designer must consider what 
task the system is to be used for and should be aware of the limitations of each technology. 
The system should be fully integrated; otherwise unwanted system time-lags can occur. 
At one extreme, virtual prototyping is conducted in a virtual reality environment. A CAVE [Choi 
et al., 2006] or power-wall, where design teams are fully immersed in a digital world that 
includes sensory feedback through haptic devices. At the other extreme, it may be as basic as 
a high-quality visualisation on a desktop computer screen. Between these two extremes lies a 
whole host of hardware and software technologies for the designer to utilise [Grimm, 2005]. 
Not all virtual prototyping technologies are currently viable for use in industry but the following 
technologies have all been identified as being available in the current market. Current 
research projects that are not currently commercially viable but can provide an insight as to 
the direction of the next generation of virtual prototyping hardware are also presented. 
4.5.1 Basic interaction devices 
There is a wide range of basic user interfaces ranging from ergonomic keyboards to various 
computer mice. However, the few basic interfaces that deserve to be mentioned are graphics 
tablets which allow the user to hand-draw images using a wireless stylus [Wacom Company 
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Ltd, 2007] and 3D navigation devices. Which usually feature a ball or cap which rotates on 
three axes to control 3D imagery. Studies show that 3D designers can increase productivity 
simply by adding a 3D navigation device to be used in conjunction with a mouse. 
4.5.2 Haptic devices 
The majority of today's virtual prototyping technologies use the visual (stereoscopic displays) 
and auditory (interactive or 3D audio) modalities. Haptic feedback is now beginning to be 
recognised and used in manipulation-intensive applications. Human product interaction relies 
on skin sensation for many manipulation and exploration tasks. When a human picks up an 
object they can explore it by using several behaviours which have been discussed by 
Lederman [2007]. According to Stanney [2002], human haptic abilities and the limitations that 
prescribe the design specifications of haptic interfaces are difficult to quantify. This is because 
of the large number of degrees of freedom, multiplicity of the subsystems, spatially distributed 
sensory receptors and the nature of haptic tasks. In order to achieve a successful haptic 
interface it needs to represent 'a good match between the human haptic system and hardware 
for sensing and display' [Stanney, 2002]. In the past decade or so, haptic devices have 
become more widely used by those who design techniques and tools that reproduce the 
sense of touch [see Burdea, 2000 for a brief overview of the history of haptic devices]. There 
is a wide range of terms and considerations [Burdea, 2000] that relate to haptic devices as 
defined in Appendix 4.1. 
Basic haptic interfaces include force feedback joysticks and steering wheels primarily 
designed for the computer industry as a further method of conveying information back to the 
user [Microsoft Corp., 2007]. Another innovative device is Hitachi's 'Force feedback LeO 
screen' [Gizmodo, 2007]; here the touch-sensitive screen causes the entire LCD panel to be 
'pushed' inwards one or two millimetres in response to a user contact with the on-screen 
buttons. Having the screen provide physical feedback should; in particular, help the elderly 
[Lam, 2004]. Commercial efforts have brought into mass production simple, active haptic 
interfaces which can be divided into two main groups: 
• Force feedback (e.g. SensAble Technologies Inc.'s PHANTOM®). 
• Tactile feedback (e.g. Immersion® Corp.'s CyberTouchTM). 
The force feedback devices most commonly used today are those that are desk-top, easy to 
install, clean and safe to the user. 
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When comparing force feedback hardware for a given simulation application, such as 
CAD/CAM, the designer has to consider several key hardware characteristics as well as those 
in Appendix 4.1. Friction in the devices must be minimal, such that the forces commanded by 
the computer are not 'filtered out' by the interface before they are felt by the user. Dynamic 
range, which is the maximum force divided by the interface friction, is a good measure of the 
quality of the force feedback produced by a given interface. Finally, high bandwidths are 
important in providing short time delays and overall system stability [8urdea, 2000]. Stanney 
[2002] states that in contrast to vision and hearing, haptics is the only modality that permits bi-
directional information transfer between the user and the virtual environment. In the future, 
haptic gloves should allow designers and consumers to pick up and manipulate virtual 
products or assemblies, while feeling their hardness and surface texture. Currently, haptic 
gloves are useful for the manipulation of large volumes, including simulating hard objects, 
without experiencing weight. Simulating object weight would require the addition of a wrist 
force/torque interface, with the implications of a reduced work envelope; increased system 
complexity and higher cost [8urdea, 2000]. 
The other main category of haptic device is tactile feedback devices which generate simple 
sensations such as pulses or sustained vibration to simulate the feel of the virtual object 
surface and touch geometry, smoothness, slippage and even temperature. One such example 
is the CyberTouch™ glove [Immersion® Corp., 2007]. This device is a step up from data-
gloves, which allow a user to interact in a virtual world by utilising sensors and motion trackers 
that capture the position and rotation of the glove which are then interpreted by software. 
Some of the variables used to characterise force feedback hardware are also used in the 
selection process for tactile feedback interfaces. In fact some force feedback interfaces such 
as the PHANTOM® can also replicate basic mechanical surface texture, or slippage, which 
means they can also provide limited tactile feedback. Conversely certain tactile feedback 
interfaces have some limited force feedback capability. An example of this is the 'FEELit 
Mouse' produced by Immersion Corporation [2007]. This desk-top 2DOF interface enables the 
user to feel simulated objects such as hard surfaces, rough textures, smooth contours and, 
apparently, even rubbery materials. 
8urdea [2000] suggests that tactile gloves are more appropriate when the virtual prototype 
requires dexterity (multiple contact points), freedom of motion and information on the object-
grasping state and mechanical texture (but not weight). These gloves are lighter and less 
cumbersome than force feedback gloves, typically using electromechanical vibrators to 
convey texture data. These actuators are small and can be placed directly on or in the glove. 
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There are currently two leading companies producing commercially viable haptic devices. The 
first is Immersion with their CyberForce® and CyberGraspTM systems. The CyberForce® 
system (as illustrated in Figure 4.6) consists of a cable-driven exoskeleton structure on the 
back of the hand, which is a retrofit of the position-only CyberGlove® and is a whole hand/arm 
force feedback device [Immersion® Corp., 2007]. Even with the remote placement of its 
actuators, the 450 grams weight of the glove is quite high and may lead to fatigue during 
prolonged use, especially in older users. 
Dean Chang, Immersion's CTO and VP of Technology Adoption, states that 'Ford and Boeing 
have not purchased the full system, but both currently use the glove part of the CyberForce®, 
and may use the entire CyberForce® in the future to design new engines. Boeing, for example, 
does not want to design [an engine] and find that a mechanic can't get his hand into an area. 
So with our product, they can use a CAD model and reach into the virtual model and feel 
collisions. Similarly, Ford will use the CyberForce® to design the cockpits of new cars' [PC 
Mag, 2003]. 
The second company is SensAble Technologies Inc. which produces the the PHANTOM® 
Desktop 1.0 as illustrated in Figure 4.6, which was developed at MIT. The PHANTOM® 
device's patented design provides the user with a high-fidelity 3D force-feedback system with 
the ability to operate in an office/desktop environment. It is compatible with standard high-end 
computers and has a universal design for a broad range of applications. The characteristics of 
the PHANTOM® make it well suited for point interaction mediated by a single virtual finger, a 
stylus or a pencil. More dexterous manipulation of virtual objects will require at least two 
PHANTOM® arms (one each for the thumb and index finger), or the use of a haptic glove 
system [Burdea, 2000]. 
a) 
Figure 4.5 - (a) PHANTOM® Desktoc 1.0 [SensAble Technologies Inc., 2007] and (b) 
CyberForce [Immersion Corp., 2007] 
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An overview of some of the other force feedback and tactile haptic devices available on the 
market has been included in Appendix 4.2. With other new devices such as touch mice and 
touch screens; haptics will play an increasing role in a person's normal computer interaction. 
Many companies want to increase commercial use with lower cost applications and have 
begun with tactile games and force feedback devices such as the Nintendo Wii [Nintendo, 
2007] and desktop touch-controlled systems such as the touch table [Northrop Grumman, 
2007] and the iphone [Apple Inc., 2007c]. 
4.5.3 Tactile displays 
One problem is that user's really want to hold, touch and play with a virtual object; this is 
currently attracting the development of a new group of solutions, tactile displays. This area of 
research could hold exciting possibilities for virtual product evaluation. At present, tactile 
display technology is still in its infancy. There are a wide range of tactile displays evolving 
through research. However, they all currently face challenges as discussed by Fletcher [1996] 
and Verlinden et al., [2006] (Le. spatial resolution, actuation speed, displacement, force 
applied, surface elasticity and the representation of sharp angles and undercuts). 
Tactile displays devices are designed to artificially create sensations that resemble, for 
example, those arising from sliding a fingertip on a textured surface, or from brushing over 
Braille characters. Tactile displays can either stimulate the skin to generate sensations of 
contact or simulate the surface, creating a virtual surface [Iwata et al., 2001]. The skin 
responds to several distributed physical quantities; the most important are perhaps high-
frequency vibrations [Webster et al., 2005], small-scale shape or pressure distribution [NIST, 
2002; Pasquero & Hayward, 2003; Daily Science News, 2005] and thermal properties. Many 
other display modalities have also been demonstrated, including electrorheological devices for 
conveying compliance, electrocutaneous stimulators [Kawakami et al., 1999; University of 
Wisconsin-Madison, 2007], electrotactile [Kaczmarek et al., 1994], ultrasonic friction displays 
and rotating disks for creating slip sensations [Asaumara, 1998]. 
4.5.4 Stereoscopic displays 
When viewing the real world, the human visual system uses many different cues to construct 
an internal three dimensional model of what it is seeing. There are many such cues including 
shadowing, perspective and the apparent size of objects. All of these cues are used in current 
attempts to simulate 3D on a 20 display screen. 
-71-
IJ:! L01;lghh.orough 
.Umverslty 
One of the most important cues is called binocular disparity. This gives the user the sensation 
of depth that users see only when looking at the real world or a 3D movie. Binocular disparity 
describes the fact that the two images seen individually by each eye are slightly different from 
one another. The brain processes the slight differences between these two views to provide 
an accurate representation of the three dimensional shapes and positions of objects within the 
scene. This is the 3D depth that we see in the real world. All stereoscopic imaging systems 
work by creating at least two images of each scene; one image of the scene as a person's left 
eye would see it, the other as the right eye would see it. 
These two images are called a stereo pair. The imaging system must cause the left eye to see 
only the left image and the right eye to see only the right image [Dimension Technologies Inc., 
2007]. Currently, the only way to produce high quality stereo on a large screen is to use a 
projection system; there are two types of system: 
• Active systems: work by switching between the left and right images very quickly. This 
is linked by infra-red to a pair of shutter-glasses which alternately blank each eye so that 
only the correct image gets through. 
• Passive systems: consist of a pair of projectors with a polarising filter. The viewer 
wears a pair of lightweight polarising glasses made from plastic or card, with lenses that 
filter the light so that each eye sees the image from only one of the projectors. 
There are a wide range of stereoscopic glasses available depending on the system that is 
being used. These range from cheap cardboard glasses to standard designs with lightweight 
rigid plastic frames, for example Stereographics CrystalEyes® stereo glasses [MacNaughton, 
Inc., 2007]. These are the best choice when cost, multiple use, large quantities are desired 
and they fit easily over prescription eyeglasses [Inition, 2007]. 
4.5.5 Auto-stereoscopic displays 
Auto-stereoscopic displays, which are the latest development in the stereoscopic industry, get 
their name from the fact that glasses are not required in order to view the stereoscopic 3D 
images. Some examples are: Sharp's RD3D [Sharp Laboratories of Europe, 2007]; IRIS-3D 
[2007] and See Real Technologies [2007] which can be achieved through a wide range of 
techniques. The Dimension Technologies Inc. [2007] display accomplishes stereoscopic 
viewing with a special illumination pattern and optics behind the LCD screen called 'Parallax 
Illumination'. 
-72-
IJ:! L01;lghh.orough 
.Umverslty 
With the SeeReal Technologies [2007] display, two pictures are projected simultaneously in 
order to achieve the 3D view; it has a built-in function which tracks the eyes of the viewer and 
adjusts the display to project each of the two images to the correct eye. Most single view auto-
stereoscopic displays require the viewer to place their head in a specific place (known as the 
sweet-spot) so that they can see the 3D effect properly. They are generally designed for only 
one person to view the screen, although it is sometimes possible to have up to three viewers. 
These screens are well suited to applications such as 3D design and modelling, 3D data 
visualisation, interactive visualisation and 3D photo/video viewing. Using the correct graphics 
card and settings, nearly all stereo-enabled software is capable of running on these screens 
without modification [Inition, 2007]. 
4.5.6 3D holographic displays 
Another key research area in display technologies is that of 3D holographic displays. One 
exciting development from stereographic displays is the true holographic display as seen in 
science fiction movies such as Star Wars [Lucas, 1999]. One example of an existing system is 
produced by Actuality Systems [2007] which produces a volumetric 3D-Display. One step 
beyond this is the production of projected aerial imaging (PAl) which enables designers to 
project video images into mid-air [Horvath, 2007]. The most mature example of this the 
Holovision [Provision, 2007] combined with the Holotouch [2007] system which is one step 
closer to producing fully volumetric visualisation technologies capable of truly air-borne 
modelling and interactive object manipulation in real time. 
4.5.7 Other virtual prototyping technologies 
Although the three key developments in virtual prototyping technologies have been identified 
as haptic devices, stereoscopic displays and auto-stereoscopic displays, there are a wide 
range of other technologies, some of which are not currently commercially viable, that were 
considered unsuitable for use in this research: 
• Responsive workbench: Developed by Stanford University [Agrawala et al., 1997]. 
Computer-generated stereoscopic images are projected onto a horizontal tabletop 
display and viewed through shutter glasses to generate the 3D effect. The users head, a 
pair of gloves and a stylus are also tracked by the system, which can be used to interact 
with objects in the tabletop environment [Virlinden et al., 2003]. 
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• Haptic mini workbench: Fakespace Systems Inc. [2007] and SensAble Technologies 
Inc. [2007] have teamed together to combine a stereoscopic 3D display with the 
PHANTOM® haptic device and Freeform Modelling Plus. 
• Head mounted displays (HMD): Typically comprising two display devices and a set of 
optics to magnify and position the image a set distance from the user, these displays do 
not allow the user to see any part of the real world. The optical system delivers the 
image from a few meters to optical infinity and is available in all shapes, sizes and 
configurations [Kalawsky, 2000]. 
• Augmented reality (AR): AR is the process of using a head mounted display (HMD) to 
overlay computer-generated imagery on the physical world [Milgram & Kisihino, 1994]. 
There are a range of different technologies and display modes available, ranging from 
actual products in a computer generated environment through to computer generated 
products in a real environment. 
• Augmented prototyping (AP): One step on from the development of AR systems is the 
development of augmented (rapid) prototyping [Stork, 2002]. One project is WARP 
(Workbench for Augmented Rapid Prototyping) by Verlinden et al. [2003]. WARP 
projects digital images onto objects which have been manufactured by rapid prototyping 
techniques. 
• CAVE automatic virtual environment (CAVE): CAVE is a room-sized chamber that 
combines high-resolution stereoscopic projection and 3D computer graphics to create 
the illusion of complete presence in a virtual environment. The CAVE is available with 
four projected surfaces (three walls and floor), five surfaces, or a fully enclosed six 
surface configuration for complete virtual immersion [see Robinson, 2003; Choi et al., 
2006; Cruz-Neira, 1993 and North, 2004 for advantages of CAVEs over HMDs]. 
• Motion tracking and capture: There is a wide range of motion tracking systems from 
Vicon's [2007] optical systems, through Ascension Technology Corp.'s [2007] laser 
tracking systems all the way to motion capture systems such as Gypsy [Animazoo UK 
Ltd,2007]. 
• 3D Scanning: Is the creation of a 3D mesh from a real world object or environment for 
use in a virtual environment [Isdale, 1998]. From this technology, all sorts of applications 
from reverse engineering, archiving and medical research to quality control inspection 
are possible [Pauly et al., 2005; Rusinkiewicz et al., 2002]. 
• Olfactory displays: Virtual Smell is an emerging technology that can produce smells to 
order, which could be particularly useful in the evaluation of products that activate the 
sense of smell, or even to simulate the 'new car' smell in a virtual showroom [Aromajet, 
2007]. 
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The thing that is most often forgotten in terms of hardware is cabling. Data transfer rates and 
the distance between hardware elements can severely limit performance despite vast leaps in 
communications technology in recent years. There has been a move away from the industry 
standard RS232 serial cable (capable of 20,OOObps over a maximum distance of 50m) 
[MicroLink Engineering Solutions, 2006], towards Universal Serial Bus (USB) 2.0, capable of 
480Mbps over a shorter distance of 5m [Intel Corporation, 2007a]. Technology has also 
evolved. Apple Inc. [2007a] was the first computer manufacturer to include FireWire across its 
entire product line and has implemented the new IEEE 1394b standard. FireWire 800 is a 
glass optical fibre cable which can carry a data burst at 800Mbps across 100m cables. Some 
wireless ethernet solutions can provide high-capacity connectivity between networks carrying 
broadband data such as voice and video between service providers and their users [Virginia 
Polytechnic Institute and State University, 2002]. However, mobile wireless communication 
technologies have also been evolving, with the introduction of Bluetooth®; a technology which 
enables short-range wireless connections between computers and their peripherals [Apple 
Inc, 2007b]. In the past, technologies such as head mounted displays or head and arm 
tracking devices that have enabled the virtual environment, have all relied on cables to 'tether' 
them to a central server or computer for data transfer. However further development of 
Bluetooth® wireless technology could see the reduction and possible elimination of cabling, 
apart from power feeds. This should help in reducing the cumbersome nature of some of the 
virtual prototyping hardware and solve issues of system lag, allowing larger amounts of data to 
be transferred. 
4.5.9 Computer systems 
Computer hardware development, the current focus of which seems to be faster and smaller, 
continues. The backbone of any system is the computer system that runs it. The performance 
of the computer will determine the level of realism achievable in terms of refresh rates, real 
time graphics and processing power. Although a specialised, the technologies used in the 
development of high end graphics workstations such as the Sun Solaris 128-bit system [Sun 
Microsystems, 2007] will eventually trickle down into standard computers. With the steady 
increase in computer speeds with the development of 64-bit processors and operating 
platforms [Apple Inc., 2007] as well as the quad-core processor [Intel Corp., 2007b] which 
should see some of the software, processing and system lag issues being solved, greater 
capacity will allow larger and more complex models to be manipulated, stored and 
represented. 
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The current reducing cost of high-performance computers together with the emergence of 
affordable high-powered 3D solid modelling software has created the best opportunity for 
design consultancies to take advantage of virtual prototyping technology. In the current 
market, CAD is no longer just about design. Brejcha [2003a] states that CAD has more to do 
with communicating design intent, product form, tooling data and management of the entire 
product life cycle, than it does with mere design. Current software can now provide a complete 
solution from design through manufacture to testing. The next and only logical step in a 
shrinking world is to integrate web access into design software, bringing communication 
between designers, engineers and users closer together. 
There is a wide range of virtual prototyping packages on the market today from many vendors. 
Some examples are Autodesk Inc. [2007]; Parametric Technology Corp. [2007]; Dassault 
Systemes [2007]; UGS Corp. [2007] and Solidworks Corp. [2007]. Due to competition, the 
market is very dynamic and no one programme can claim clear and significant dominance 
over another. The variety of packages can be classified into three main types: 
• Low end: Two-dimensional drafting systems. 
• Mid-range: Three-dimensional solid feature modellers. 
• High-end: Three-dimensional hybrid systems. 
4.6.1 3D parametric solid modelling 
3D parametric solid modelling can save an enormous amount of time and effort in designing 
mechanical parts and assemblies when compared with 2D, by using a single model to create 
drawings, check for interferences, calculate mass properties and improve visualisation and 
communication throughout a company. A design team can discover or avoid design flaws 
earlier, enabling compression of the product development cycle and improving quality where 
changes can be made quickly and efficiently. When designing with a parametric, feature-
based, solid modeller such as Pro/ENGINEER [Parametric Technology Corp., 2007], 
information is implicitly captured in the 3D model. In addition to the form of the design, a 
parametric, feature-based 3D model captures the intent of the designer, making it very 
intuitive. However the current spectrum of virtual prototyping software ranges from the design 
oriented packages which focus on free-form modelling and allow a fluid modelling process 
aimed at industrial designers, animators and the games industry, to the engineering oriented 
packages which focus on parametric modelling and computational simulation aimed at 
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engineers and manufacturers (although the can be a degree of overlap). Alongside the main 
package, each competitor usually sells software in bundles or modules, which can include 
FEA, CNC and photo rendering modules, as well as more diverse modules or 'add-ons' that 
allow a company to maximise their customer base even though individual users might have 
widely differing needs. With a 3D solid modeller, one can create an accurate virtual prototype 
that can also be evaluated virtually by using FEA and other add-ons. The majority of current 
CAD packages usually include a fairly comprehensive range of features and tools [Alibre Inc., 
2007]. 
In its Chicago debate moderated by Marianne Grisdale (Chicago Chapter Chair of IDSA) and 
Tim Copland (IDSA), 130 members of the Industrial Designers Society of America (IDSA) 
concluded that "if money was not an object, most present would use Alias and ProlE in unison 
because the Alias rendering package is the best and ProlE has by far the most to offer." 
However if coming out of a designer's pocket, Solidworks [Solidworks Corp. 2007] and Rhino 
[McNeel, 2007] would be the preferred choice because they are the best value for money, with 
Solidworks being the midrange tool for engineers and Rhino being the low-end sketching tool 
for designers [Brejcha, 2003b]. Currently, designers utilise several packages such as Alias 
and Pro/ENGINEER to fulfil their needs throughout the design process. The same goes for 
product evaluation. 
4.6.2 Freeform modelling plus 8.2 
One specific piece of software supplied for use with the PHANTOM® haptic device is Freeform 
Modelling Plus 8.2. Evans et al., [2001] state that the intuitive interface makes it very 
straightforward even for inexperienced computer operators to start modeling very quickly. The 
software does, however, require a high level of hand-eye coordination for the tools to be used 
effectively. This is not a problem for designers, but it does tend to alienate other groups when 
using the software. There is also a technical element to the software that needs to be 
understood which is especially apparent when dealing with aspects such as the variable 
hardness and 'density' of the material. Reducing the density of the model enables finer detail 
to be produced, but the size of storage space required for the model increases dramatically. 
100 Mb files are common and even when using relatively powerful computers, performance 
reduces dramatically. This can be very frustrating to a designer who does not want to be 
concerned with such 'technical details'. Evans et al., [2001] go on to suggest that the 
functionality of the software and hardware makes it difficult to obtain the surface quality 
needed for both rendering and production. 
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Another related area that concerned many operators of the system was the reproduction of 
sharp edges. The method of representing the model in Freeform means that edges between 
surfaces can never be perfectly sharp, always being feathered to some extent. This can be 
reduced by increasing the accuracy of the model , although this would be consistent with the 
performance consequences already mentioned. In practice the feathering is not a problem as, 
when viewed at normal scale, it is not visible and has never shown up in derived rapid 
prototype models. 
4.6.3 Benchmarking 
One method that is widely used to evaluate the performance of software is 'benchmarking '. 
The Standard Performance Evaluation Corporation (SPEC) [2007] was formed to establish , 
maintain and endorse a standardised set of relevant benchmarks that can be applied to the 
latest generation of high-performance computers and software [Standard Performance 
Evaluation Corp., 2007] . However, a fair comparison between software packages is so far 
impossible, due to tests being run on different systems and with differing versions of software 
which makes an accurate direct comparison very difficult. 
4.6.4 Other specialised software 
There is a wide range of other specialised software available such as photo-rendering tools. 
However, this can require high-end hardware and software. For example ART VPS [ARTVPS, 
2007] or Viz Tools [Mental Images, 2007]. The industry constantly expands the perception of 
what is attainable in terms of photo-realism. Perhaps a true test of photo-realism might be that 
a professional photographer, being presented with a virtual product, would be fooled into 
thinking it was the result of a real photo-shoot. Currently, photo rendered images are being 
used to replace expensive photo shoots as illustrated in Figure 4.8. 
Figure 4.6 - A 'virtual' Ford Focus, rendered using Render Server 
(hardware) and Raybox (software) [ARTVPS, 2007] 
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A recent development in 3D visualisation software is that of online visualisation . Some of the 
developments in these online technologies are Virtual Reality Mark-up Language (VRML) 
[Crispen , 2000], X3D [Web 3D Consortium, 2007] are two examples of standard file formats 
for representing 3D interactive graphics on line. In addition there is the more specialised virtual 
prototyping software such as the Repeatable Digital Validation (RDV) rule based system lUGS 
Corp., 2007] with engineering product management and context tools . DIVISIONTM MockUp 
[Parametric Technology Corp., 2007] is another software solution for creating large-scale 
realistic digital mockups. Another key development in the field of human simulation is Digital 
Biomechanics [Boston Dynamics, 2007]. This is based on next-generation human modeling 
and provides dynamic simulation , active behavior control and built-in anthropometry. It can be 
used to analyse the impact of prototype designs on user's performance before building 
physical mock-ups and doing live testing [Boston Dynamics, 2007]. 
Some more engineering-based packages allow users to import product models in order to 
perform a wide range of mechanical and engineering analyses such as in Computational Fluid 
Dynamics (CFD) . Until recently, studies of fluids in motion were confined to the laboratory, but 
with the rapid growth in processing power of the personal computer, software applications now 
bring such programs to the desktop. CFD has become an integral part of the engineering 
design and analysis environment of many companies who require the ability to predict the 
performance of new designs or processes before they are ever manufactured or implemented 
[ANSYS, Inc., 2007] . Globalisation has lead to an increase in competition, shorter product life 
cycles and a need for companies to adapt rapidly to new trends. As more products are in 
competition , companies need to provide an attractive differentiation for the presentation of 
their offering . At the same time, new interactive formats such as 'edutainment' , computer 
gaming and digital media are setting higher customer expectations for the product experience. 
4.7 Interoperability and data exchange standards 
One key issue with all software is that of interoperability, where users try to transfer data from 
one system to another. These issues can not only occur between versions of the same 
software, but downstream in the manufacturing environment, making it impossible to maintain 
model viability and to share data in a collaborative manner. There are currently some formats 
that involve a number of software technologies and methods of translating data from one 
system to another, which might mean the loss of data such as dimensioning, tolerances and 
annotations. Yet this technology is required to facilitate collaborative work between 
manufacturers and their suppliers. 
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Some CAD systems can directly read and/or write to and/or from other CAD formats . There 
are also a number of companies that specialise in CAD data translation software. These 
systems have their own intermediate formats , some of which will allow reviewing of the data 
during translation [Prawel , 2007]. 
There are a wide range of formats, of which Initial Graphics Exchange Specification (IGES) 
was one of the main standards in industry. One development of the IGES standard is the 
Standard for the Exchange of Product Model Data (STEP). Other standards include Data 
eXchange Format (DXF), developed to work with AutoCAD and which is now widely used 
[McMahon & Browne, 1998] and JT, another format used in software programs such as UGS 
Teamcenter by engineers and other professionals who need to analyse the geometry of 
complex products. The format and associated software is structured so that a large number of 
components can be quickly loaded, shaded and manipulated in real time with varying levels of 
detail lUGS Corp., 2007]. 
4.8 Next generation of virtual prototyping software 
In the future , the use of software could expand to cover all areas of the design process and 
the product life cycle (see Chapter 2) . The internet could host an increase in online software 
viewers, online collaboration and knowledge sharing. One possible development is that of 
artificial intelligence (AI) machines [McMahon & Browne, 1998]. Computers can currently deal 
with laws of applied science, such as FEA, but it might become possible for them to represent 
heuristic (or rule-of-thumb) knowledge that is hard to express and is usually gained from years 
of experience. Although machines cannot currently be as 'creative ' as the human brain , AI 
systems could 'suggest' best practices or automate functions that designers would consider 
tedious, allowing them more time to be creative rather than modelling . This view is supported 
by McEleney [2004], the CEO of Solidworks Corp., who suggests that '3D CAD software will 
steadily improve engineering productivity by speeding the design process, suggesting options 
along the way, and identifying problems earlier. The software will 'think' for designers and 
anticipate what they are creating. Such improvements will help speed time to market and 
reduce the risk of product failure .' 
McEleney [2007] goes on to say, 'The customers I speak to want automation, a more 
streamlined approach to the routine steps engineers take to create part features like fillets, so 
they can concentrate on their primary mission: designing great products. By listening to 
customers, I know that we need to add intelligence and automation to the software.' 
-80-
• • Loughborough 
• University 
The author tends to agree with this opinion , but companies have to be careful that these 
technologies do not become too automatic and should be there to help and not hinder any 
creative design. Taking this idea a step further, the software could also automatically analyse 
the part for structural integrity, using FEA and CFD techniques, running continuously in the 
background and notifying the designers of any issues before they move further along their 
design process. 3D modelling will eventually become the main mechanism between design 
and manufacturing, with models going to assembly and out of the door without necessarily 
being translated into 20. These models will also be managed from cradle to grave with data 
on re-use, recycling and disassembly being kept in a centralised data store. 
McEleney [2007] also suggests that 'Customer experience drove the definition of what 
constitutes quality. The same is true for CAD software. Many years ago, quirky, complicated 
software was common. Today, CAD software has to be stable, easy to use, and perform as 
advertised. As in the auto industry, user experience has created a new definition for quality in 
CAD software. ' 
This will continue to happen through research such as is included in this thesis, and the 
continuous review of software combined with developments in computational power and 
hardware. CAD innovations will arise through an understanding of what can help designers to 
do their jobs better, such as reducing the training and skills development required to operate a 
CAD system. 
The need to share information globally, across the internet (such as the sending of CAD data 
to other countries for manufacturing), leaves many companies vulnerable to the theft of 
intellectual property. In response, many choose not to release native CAD files and opt 
instead for a data format that will deter information theft. Furthermore, many still doubt the 
effectiveness of digital signatures and are using representations that can't be edited [Arabe, 
2005]. Current developments of these non-CAD formats for design collaboration via the 
internet are Autodesk [2007], DWF (Design Web Format), Solidworks Corp ., [2007] EDRW 
(eDrawings) and Adobe's Acrobat 3D [Adobe, 2007] as illustrated in Figure 4.9. 
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Figure 4.7 - Adobe Acrobat 3D [Adobe, 2007] 
There are a few other programs worth mentioning which could become the next generation of 
3D visualisation applications. 30 Live, as illustrated in Figure 4.10 was introduced in May 
2007 by Dassault Systemes [2007]. It is a collaborative environment based on 3DXML (also 
produced by Dassault Systemes), [Prawel , 2007] . 
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Figure 4.8 - 3D Live [Dassault Systems, 2007] 
The demand for sharing designs through dumb solid models (models that lack all 
dimensioning and additional information) has been the most common approach to facilitating 
collaboration . Kubotek [Cad key, 2007] has developed a powerful tool that can identify and add 
features back into a solid model. 
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Another development is that of easy-to-use CAD systems such as SpaceClaim [SpaceClaim 
Corp., 2007] which claims to bridge the gap between designers on the one hand and suppliers 
or engineering management on the other, as this latter group lacks the access or the time 
needed to master the designer's 3D CAD system. SpaceClaim can provide an easy-to-use 
and intuitive design experience with tools that allow designers to push and pull geometry 
[SpaceClaim Corp., 2007]. Perhaps the most sophisticated development is in the gaming 
industry, which is creating not only entire 3D gaming environments with massive online 
populations, such as GuildWars [Arenanet Inc., 2007] or Second Life [Linden Research Inc., 
2007] but are now creating gaming environments that are leading the way as far as virtual 
representation is concerned. They have physics-based virtual environments available today, in 
games such as The Elder Scrolls IV: Oblivion [8ethesda Softworks, 2007]. These programs 
need to be further researched to evaluate their usability in relation to virtual consumer product 
evaluation and to identify their relative strengths and weaknesses. Any suitable developments 
could then be used to further improve the next generation of virtual prototyping software. 
4.9 Current applications of virtual prototyping technologies 
Virtual prototyping applications will be those where rapid prototyping is impractical, impossible 
or inefficient. Grimm [2005] states that the applications may include the prototyping of early 
concepts or complex products. When reviewing and refining an aircraft design, the 
manufacture of physical prototypes of all components would be prohibitive in terms of both 
cost and time. In such a case, virtual prototyping would be the ideal solution. However, for a 
'form and fit' evaluation of a reasonably sized part or assembly, rapid prototyping is, and will 
continue to be, the best practice. Another application where the virtual prototype will be ideal 
is in the area of simulation and analysis. Since rapid prototypes cannot currently deliver an 
exact match to the mechanical, thermal and electrical properties of a manufactured item, 
advanced CAE tools will fill the void between rapid prototype and prototype tooling. With 
greater speed, lower cost and more accurate testing results, the virtual prototype is ideal for 
functional analysis. It is also ideal when the analysis is performed on something that cannot 
be witnessed in a rapid prototype, such as fluid flow. Grimm goes on to state that rapid 
prototypes will be the preferred solution when evaluating subtle, intangible aspects such as 
ergonomics; this is of course unlikely without vast improvement in haptic devices. Consumers 
often judge the quality of a product by its weight, by the sound of a door closing or by the 
texture of its finish, all of which are currently the subject of development for future 
representation in virtual prototypes. There is a wide range of suitable applications; some of 
which have been included in Appendix 4.3. 
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Both RP and VP are tools for designers and engineers to use as an aid in product design, 
evaluation and analysis. These tools can be used concurrently and have differing applications 
and focuses. It is to be hoped that the side-by-side development of both VP and RP will see 
the integration I convergence of these two technologies. The development of both hardware 
and software is driven not only by research and by the gaming industry but also by the users 
of these technologies (which could also include the consumer as part of a user centred design 
process). Current VP technologies such as tethered HMDs or head and arm tracking devices 
could change with the development of Bluetooth® wireless technology, making them more 
viable for user interaction. 
In previous chapters it has been identified that this thesis will focus on early product testing 
(as opposed to conceptualisation). Therefore the virtual prototyping hardware and software to 
be utilised needs to reflect this choice. Although this chapter has discussed the relative merits 
of virtual prototyping software and hardware available to designers together with possible 
future developments of these technologies, it is still necessary to determine which 
technologies are currently being employed within industry. This will be the focus of Chapter 6. 
It is also necessary to discover what the designers' requirements for the next generation of 
these technologies are and this will be covered in Chapter 9. 
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The aim of this chapter is to describe the research questions and methodological framework 
within which the main body of the research programme was devised and carried out. It 
comprises a description of the research method or methods that were used to answer each of 
the research questions and provides information on the various sources and techniques of 
data collection and analysis. 
5.2 Development of the research questions 
The stated aims of the research were to identify the feasibility of using virtual prototyping 
technologies for product evaluation and to determine how these technologies could be 
improved to provide better comfort and performance for designers and consumers. These had 
been used to set the specific objectives listed in Chapter 1. The literature review had 
confirmed that the aims and objectives were valid and the scope of the research had been 
determined. It was decided that the objectives would be best met by developing a series of 
research questions to drive the main body of the research. Some of the questions had been 
answered partly through the literature review but it was clear that more data still needed to be 
collected. The questions, and the research methods used to pursue answers to the, are 
discussed below. 
5.3 Research methods used for each question 
1. Which virtual prototyping technologies are currently being used in industry? 
This question was partly answered through Metalib [Loughborough University, 2007], 
journal-based and web-based research, looking into the current market at the wide variety 
of available and future prototyping technologies. Chapter 2 discussed both the role of CAD 
in industry and the variety of theoretical and practical design processes. Chapter 3 took 
this discussion further by identifying existing models, methods and research in product 
evaluation, such as that of Cooper & Kleinschmidt [1986] and Mahajan & Wind [1992] into 
the product evaluation methods used in industry. However, this formed only part of the 
answer, since the theory and existing studies into product evaluation methods only 
provided background knowledge which was dated. Chapter 4 identified the current feasible 
virtual prototyping technologies and software, such as the PHANTOM® haptic device and 
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3D stereoscopic displays that are available to industry and goes on to discuss the 
currently non-commercial research projects. The wide range of currently used software 
applications and their relative merits were also discussed. From the literature review it was 
clear that some form of real-world and up to date research was needed to back up the 
theoretical research identified in Chapters 2, 3 and 4. The aim was to investigate the 
current nature of both concept and product evaluations within a wide range of 
consultancies and industrial backgrounds, identifying currently used technologies in order 
to reinforce the present understanding of real-world product development and evaluation. 
From the range of research methods, two methods were considered the most appropriate, 
telephone interviews and questionnaires. It was decided to use a combination of both 
postal and online questionnaires to provide an increased response rate (see Chapter 6). 
This was because questionnaires are the quickest, easiest and cheapest method with 
which to capture data from a wide range of design consultancies [Robson, 2002]. The 
questions would also be mostly closed and simple to complete and cover the aspects of 
consultancies design and evaluation process as well as the virtual prototyping 
technologies they had available to them. 
2. What is the level of users' acceptance of current virtual prototyping technologies? 
Through the initial literature review, a gap in current knowledge was identified. In online 
professional magazines and journals there is little evidence of studies aimed at the users' 
acceptance of VP technologies for product evaluation at the early product testing stage. 
There were a wide range of research methods considered (focus groups, experimental 
trials, questionnaires, interviews, observations and experience diaries etc). It was decided 
to run a set of flexible experimental trials to provide empirical evidence relating to this 
issue. These experimental trials (see Chapter 7) included a range of research methods 
including questionnaires, semi structured interviews and observations. The aim of the 
experimental trial was to investigate users' acceptance of virtual prototyping technologies 
and the prevalence of psychological and physiological discomfort during a product 
evaluation. These experimental trials examined a range of virtual prototyping technologies 
from on-screen renderings to the PHANTOM® haptic device. It consisted of several 
questionnaires reviewing a range of topics from background demographics and user 
physiological discomfort, to a NASA Task Load Index (TLX) [Hart & Staveland, 1998]. 
This was combined with a comparative qualitative semi-structured interview and 
observations on user reactions. A wide range of data collection methods were used to 
capture a wide range of data, providing data triangulation and reducing both the threat to 
validity and any potential bias. 
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Different participants were used for each stage to minimise 'learning effect' bias. However, 
one limitation of these trials was that, due to the cost and availability of the technologies, 
users would only have a limited exposure to each. However, this is similar to the real life 
situation where users would have only a limited exposure to a product in a commercial 
environment. 
3. What is the prevalence of users' psychological and physiological discomfort while 
using virtual prototyping technologies? 
Human computer interaction issues have been identified by authors such as Baecker et al. 
[1992] and were discussed in Chapter 2. The prevalence of users' psychological and 
physiological discomfort while using current computer technology has been studied by 
others, leading to the identification of problems such as carpal tunnel syndrome [Merck & 
Co, 1995]. However, there are no stUdies into the prevalence of users' psychological and 
physiological discomfort while using the virtual prototyping technologies identified in 
Chapter 4. This research question was also addressed in the study covered by Chapter 7, 
where a developed Nordic musculoskeletal questionnaire body part discomfort map was 
used to determine the prevalence of discomfort. 
4. What is the reliability of using virtual prototypes compared to that of physical 
prototypes for evaluation? 
One important question yet to be answered was the reliability of using virtual prototypes 
and related technology as compared with using physical prototypes for product evaluation. 
There were a wide range of research methods considered (focus groups, experimental 
trials, questionnaires, interviews, observations and experience diaries). It was decided that 
another experimental trial would be used with the joint aims of investigating this issue as 
well as any effect it might have on the product preference. The trial consisted of a set of 
counter-balanced questionnaires with observations by the researcher to determine the 
user's product preference when comparing a set of virtual products to a set of actual 
products. It used the example of a short evaluation of three different designs of computer 
mouse (see Chapter 8). A range of virtual prototyping technologies, similar to those used 
in Chapter 7 but based on the results from the chapter, were also used for this study. It 
was decided to remove the PHANTOM® haptic device from the trials in Chapter 8 due to 
difficulties experienced by users as detailed in Chapter 7. 
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5. What is the user's perception of a 'virtual product' compared to a physical 
prototype? 
Product evaluation and human behavioural models have been researched in depth by a 
wide range of authors such as Engel et al., [1995]. Chapter 2 discussed the role of CAD in 
the product design process and Chapter 4 discussed currently commercially viable virtual 
prototyping technologies. Together with the trials covered in Chapters 7 and 8, these 
provided a basis for the discussion of users' perception of virtual prototyping. Insight was 
gained into users' perceptions of virtual prototyping compared to its physical counterpart. 
6. What are the effects on product preference of using virtual evaluations compared 
with the effects of physical evaluations? 
Another interesting question is what effects do virtual prototypes and their related 
technologies have upon product preference, i.e. would a consumer's virtual product 
preference be the same as their actual product preference? This research question should 
be answered from the results of the experimental user trial covered in Chapter 8 and 
should provide evidence for analysis. 
7. What will be the next generation of virtual prototyping technologies? 
Chapter 4 discusses currently commercially viable virtual prototyping technologies 
providing background knowledge on which to base the experimental trails and the 
response to this research question. Further research into new and future virtual 
prototyping technologies and software were discussed in Chapter 4. Some of which are 
currently un-feasible for use in industry (mainly due to expertise, cost and time issues). 
The results of the experimental trials (see Chapters 7, 8 and 9) will also give some 
indication as to which technologies users feel comfortable with. There were a wide range 
of research methods considered (focus groups, experimental trials, questionnaires, 
interviews, observations and experience diaries). It was decided to use a combination of 
both postal and online questionnaires to answer this research question (see Chapter 9). 
The results from the questionnaires and previous studies were then used to develop a set 
of user requirements and product matrices which in turn were used to create a set of 
proposed scenarios of the next generation of virtual prototyping technologies for product 
evaluation. These scenarios were then evaluated using another set of online 
questionnaires (this was the quickest and easiest way to validate the scenarios, with the 
highest response rate) to take back to the same design consultancies to validate the 
scenarios. 
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8. What are the future user requirements for the next generation of virtual prototyping 
technologies? 
The basis for discussion of virtual prototyping technologies can be found in Chapter 4. The 
experimental trials provided the basis of the users' requirements for the next generation of 
virtual prototyping technologies. However, a further questionnaire was produced in 
Chapter 9, to provide substantial evidence for analysis with the aim of investigating 
designers' requirements for the next generation of virtual prototyping technologies. The 
results of the experimental trials (see Chapters 7, 8 and 9) will also give some indication 
as to the consumers' requirements. These chapters provide the background information 
for the future requirements of virtual prototyping technologies. The combined information 
was then combined into a set of five feasible next generation virtual prototyping technology 
scenarios from the designers' perspective and five scenarios from the consumers' 
perspective. The focus of each scenario differed slightly according to the perspective of 
designers and consumers. These then formed the central part of an online questionnaire 
for respondents to validate the research and a set of recommendations and conclusions 
drawn from the results. 
5.4 Chapter summary 
The design of the research methodology was neither simple nor straightforward since no 
single research method could be used to address all the research questions. The nature of the 
experimental trials and questionnaires were defined through the knowledge gained from the 
literature review. It was determined that the research should utilise a range of methods that 
should produce both qualitative and quantitative data. A wide range of methods was utilised 
throughout the research from web and journal-based literature reviews (Chapters 2 - 4), to the 
postal- and web-based questionnaires, semi-structured interviews, observations and 
experimental trials evident in Chapters 6 - 9. These provided data triangulation which should 
help to counter any problems with data validity. Rigorous and multiple data collection 
procedures were used and the results from each study have been summarised in each 
chapter. Each study was designed to run in series, although some overlap was possible. The 
ranges of biases as discussed by Robson [2002] were taken into consideration throughout the 
design stage of the studies. An effort to reduce these biases (such as learning effect or 
measurement bias) was made. Ethical clearance was sought for all studies included in this 
thesis that involved participants; it was considered by the Ethical Advisory Committee at 
Loughborough University (case reference R04-P72), which was passed on the 2ih September 
2004 with minor changes to the participant information sheet (see Appendix 5.1). 
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Chapter Six: Study A - Initial industrial design consultancy questionnaire 
6.1 Introduction 
Theoretical design processes, product evaluation techniques and virtual prototyping 
technologies for product evaluation have been discussed in earlier chapters. This chapter 
aims to use analysis of the results from a questionnaire study to provide added support to the 
previous literature study research into the product evaluation processes and technologies 
used within industry. 
6.2 Aim of the study 
The aim was to investigate the current nature of concept and product evaluations from a 
range of design processes within various consultancies and to identify currently used 
technologies. This was to be achieved through the use of questionnaires which were posted to 
numerous design consultancies. A questionnaire was chosen because it is the simplest, 
easiest and cheapest method with which to capture data from a wide range of design 
consultancies. The questionnaire was designed to be anonymous, concise and easy to 
complete; it consisted mostly of closed questions. A spreading-the-net sampling strategy was 
employed as promoted by Robson [2002]. With a purposive sampling method that provided a 
large variation in geographical location (across the UK), consultancy backgrounds and 
specialisations. The strategy was employed to find respondents from a wide range of industrial 
design consultancies. The questionnaire (see Appendix 6.1) focused on product design and 
evaluation, as well as examining the technologies used in industry. 
6.3 Questions 
The questionnaire opens by identifying the company and the products they develop; it then 
examines the types of computer hardware, peripherals and CAD software they have available. 
It goes on to investigate the consultancy's design process, with a focus on concept and 
product evaluation including methods, technologies, aspects of evaluation and their use of the 
consumer in their product development process. At the end of the questionnaire a set of open 
questions were added to allow the participant to expand on any issues brought up during the 
earlier questions. The full set of questions can be seen in Appendix 6.2. The study was initially 
piloted with ten academics (from the Department of Design and Technology, Loughborough 
University) who completed the questionnaire and reviewed the spelling, grammar and ease of 
understanding. 
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Subsequently, minor changes were made before beginning to research the contact details of 
design consultancies. These were selected firstly by searching the internet using the Google 
search engine, then through the European Design Innovations Ltd [2005], Reed Business 
Information [2007] and Applegate Directory Limited [2007] online web directories. An initial 
email, addressed to an appropriate contact and asking if the company would take part, was 
sent to 264 consultancies. From this initial screening email there were only twelve responses 
from consultancies that would consider taking part. Others replied that they could not take 
part, mainly due to time constraints. A secondary em ail which included the questionnaire as 
an attachment was then sent to the twelve companies, from which only nine replies were 
received. This was such a poor response that it was decided to focus once more on one 
hundred of these companies who had not previously replied, sending letters instead of emails 
and following up with a phone call. From this, a further seven replies were received. 
After it was apparent that no further responses would be received from the postal 
questionnaires and due to the low response rate, the questionnaire was then transposed onto 
the Surveyshare [2007] online questionnaire website. A covering letter with the link to the 
online questionnaire was then emailed to a further 246 design and ergonomics consultancies 
from the internet directories stated above as well as being posted on online 'design' and 'CAD' 
forums. This action produced a further twelve responses giving a total of 31 responses, with a 
percentage response rate of 6%. All of these responses were then collated to generate the 
results discussed in the next section of this chapter. 
6.4 Results 
A variety of companies replied to the questionnaire. However, due to data protection issues 
and requests not to reveal respondents' details they cannot be named. The results have been 
collated into a Single set of data and all percentages have been rounded to the nearest 
integer. All the results tables have been included in Appendix 6.3. However, the most 
important findings are presented in the sections below. 
Q2) What specific products do your company design I develop? 
This was an open question to allow respondents to answer as they wished. This question was 
included to analyse the range of products being developed by respondents (see Appendix 
6.3a). The key findings were that: 
• Most consultancies developed a large range of products, 
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• The most common categories of products were 'consumer goods', 'medical equipmenf 
and 'hand-held devices'. 
These results show that the hardware and software used by consultancies needs to be flexible 
to enable the designer to model the wide range of products. Each of these categories will 
have their own specific virtual representational requirements (e.g. a mobile phone might 
require a simulation of the user interface as well as the product model). 
Q3) What type of computer, peripherals and software do you use? 
This open question was included to discover what computer hardware is currently available to 
designers. The responses are included in Appendix 6.3b, the key findings were that: 
• Designers have access to normal to high end computer systems (as opposed to 
specialist graphics workstations), 
• Designers also have access to a range of interaction devices such as graphics tablets 
and 3D controllers, 
• Only one consultancy used a stereoscopic display and another employed a 3D printer, 
These results show that although designers have access to a range of interaction devices 
they rarely have access to the high end interaction devices and displays. One possible reason 
for using more than one design software package is the varying advantages and focuses of 
different packages and the wide variety of projects that consultancies undertake. Each 
separate project or individual products might require a different approach or software 
package. This experience is developed over time as each consultancy grows; for example, 
some consultancies will use SolidWorks as a modelling package and 3D Studio MAX as a 
renderer. 
Q4) At what stage of the design process does your company evaluate its designs? 
This question was included to assess whether consultancies evaluate their concepts I 
products continuously or at pre-defined stages. This question was answered by selecting from 
a pre-defined list of the various stages of a simple design process model. The responses are 
shown in Appendix 6.3c. However, the key findings were: 
• 64% of consultancies evaluate their concepts continuously, 
• But with a focus at the initial concept generation, product development and pre-
manufacture / production stages. 
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These results show that although the majority of consultancies evaluate their concepts 
continuously consultancies also have predefined key stages of evaluation this relates closely 
to the findings in Chapter 3. 
Q5) How does your company find users for your evaluations (if any)? 
This question was included to assess how consultancies source their users for product 
evaluation. This question was also to be answered from a pre-defined list, but had an option 
for respondents to add other responses if they wished. The responses are shown in Appendix 
6.3d. However, the key findings were: 
• 48% of consultancies tend to use internally selected personnel, 
• Some consultancies utilise a company database, while some use market research 
organisations such as Ipsos-MORI [2007]. 
The highest result shows that consultancies tend to use internally selected personnel this 
could be due to ease, availability, cost and time constraints caused by the compression of the 
design cycle. Although in the author's opinion it is inadequate to use internal personnel for 
product evaluations the use of a company database of selected users from outside the 
consultancy would be a better solution and offer a more robust evaluation process. 
QS) Who does your company use to evaluate I validate your concepts? 
This question was included to assess who consultancies use to evaluate their concepts. This 
question was also to be answered from a pre-defined list and again had an option for 
respondents to add other information if they wished. The responses are shown in Appendix 
6.3e. However, the key findings were: 
• 84% of consultancies tend to use in-house designers, 
• 68% utilise the client and/or the management to evaluate their concepts. 
The results show that the majority of consultancies tend to use in-house deSigners or the 
client and/or management to evaluate their concepts this could be due to ease, availability, 
time and cost constraints. However only using internal personal would not give a complete 
and true evaluation of a product and could potentially be a source of bias producing an 
inadequate solution. 
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Q7) What attributes does/would your company look for in a consumer for evaluation? 
This question was included to assess what user characteristics (see Chapter 3) consultancies 
look for in a product evaluation. This question was also a pre-defined list but gave an option 
for an open ended answer. The responses are shown in Appendix 6.3f. However, the top 
three user characteristics were: 
• Previous experience of a similar product group, 
• A vai/ability, 
• Common sense. 
The results show that previous experience is the key user characteristics this is probably due 
to the users then being able to give a more complete evaluation of the concept I product. Also 
the two more general characteristics of availability and common sense seem to be important 
factors when looking for users for a product evaluation. 
Q8) What methods of user evaluation do you use (if any)? 
This question was included to assess what methods of user evaluations consultancies use, 
this can then be compared to the discussion in Chapter 3. This question also gave a pre-
defined selection list with an option for respondents to add other answers if they wished. The 
responses are shown in Appendix 6.3g. However, the key findings were: 
• Evaluation models that have a high level of user involvement were most popular (e.g. 
ergonomic evaluations (61 %), user trails (58%), consumer interviews (48%) and product 
questionnaires (42%)). 
• Time and cost intensive methods such as focus groups and task analysis were also 
revealed as popular methods of evaluation (although not as popular as the high level 
user involvement models). 
• Low user involvement or engineering based evaluation models (e.g. house of quality) 
were less popular methods used by consultancies. 
The results show that a high level of user involvement in the product evaluation process is key 
in any design consultancies product evaluation processes. It seems that the more popular 
methods are methods that are quick and easy to implement which could also be due to time 
and cost restraints. Each evaluation method has its relative strengths and weaknesses as 
discussed in Chapter 3. One short coming of this question was that it was unclear if 
consultancies utilise more than one method and what combinations of methods are used. 
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Q9} What technologies does your company use when evaluating concepts (if any)? 
This question was included to assess what virtual prototyping technologies are utilised by 
design consultancies in their product evaluation process. This question was also to be 
answered from a pre-defined list and again had an option for respondents to add other 
information if they wished. The responses are shown in Appendix 6.3h. However, the key 
findings were: 
• The majority of consultancies use 3D CAD models (90%), on-screen photo renderings 
(87%), rapid prototypes (77%) and product animations (61%) for product evaluation. 
• It was unclear if consultancies use a combination of methods or just a single method. 
• Other technologies such as full scale mock-ups (32%), engineering drawings (35%) 
were also popular. 
• Stereoscopic displays (10%) and haptic devices (3%) were rarely used. 
The results show that consultancies are utilising a range of virtual prototyping methods the 
most popular being 3D CAD models. Consultancies are also turning to rapid prototypes to 
allow the production of accurate physical representations which are most appropriate at the 
later pre-production stage. Virtual prototyping methods should be used at earlier stages in the 
design process (see Chapter 2). The development of easier and more intuitive user interfaces 
and more powerful software packages will allow more designers to have access to even more 
powerful solutions across the entire design process. 
Q10} When evaluating a product, on what aspects do you focus your evaluation? 
This question was included to assess what product characteristics consultancies focus on in 
their product evaluation process. This question allowed the respondent to rate the attributes 
listed below from one to six, where six was the least important. A ranking was then calculated 
using the overall average values. The responses are shown in Appendix 6.3i. However, the 
key findings were: 
• Respondents ranked 'ease / pleasure of use' as the most important factor for the focus 
of a product evaluation. 
• This factor was followed in rank order by 'aesthetics and style', 'quality' and 'form'. 
• Respondents ranked 'comforf and 'colour being the least important factors. 
The results show that usability issues and then physical attributes were considered the most 
important factors in their product evaluation process. 
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Q11) What aspects of virtual product technologies for product evaluation do you think 
are important? 
This question was included to discover what views and features should be assessed in 
subsequent studies. It allowed the respondent to rate the technologies listed below from 1 to 6 
where 6 was the least important value. A ranking was then calculated as shown in Appendix 
6.3j, although not all respondents choose to complete this question. The key findings were: 
• Respondents clearly elected the product-in-use (context) view as the most important 
feature when evaluating a virtual product. 
• This was followed closely by 3D 360 0 view, product animations and photo realistic 
renderings. 
• The least important features were key product features and sound. 
The results show that consultancies consider the context view was the most important view 
this is probably because it sets the scale and scene when evaluating a product. However, 
other features are also important, as it may be necessary to have a range of features available 
to the user evaluating the product. 
Q13) What would you want to gain from a product evaluation? 
This question was open-ended. This question was included to assess what designers would 
want to gain from a product evaluation and what they focus on. The full set of responses are 
recorded in Appendix 6.3k. However, the key findings were: 
• 35% of consultancies tended to focus on product acceptability and a user centred 
evaluation process to provide an 'outside perspective'. 
• Another important focus was whether the product meets the brief and specification set. 
• Other minor focuses for designers were marketing and engineering based approaches. 
The results show that designers tend to focus on product acceptability, its comfort of use, 
aesthetics and a wide range of other product characteristics and it is clear that user 
involvement in the product evaluation process is key. Slightly secondary to this is whether the 
product fulfils the project brief and specifications set by the client. It was also clear that a 
focused engineering approach and a marketing approach were not widely used and 
considered unimportant compared to product acceptability and a user centred approach. 
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This open-ended question was designed to capture a wide response. This question was 
included to give an initial indication as to what designer would want in a product evaluation 
tool. The full set of responses are recorded in Appendix 6.31. However, the key findings were: 
• A system that is interactive, flexible, easily configurable, simple, quick and easy to use, 
• Ability to use a range of evaluation methods (observations, questionnaires etc), 
• Ability to analyse and record relevant evaluation data and user feedback, 
• Provide information and statistics in a format that designers can understand, 
• Ability to view in a 3D 360 0 view model within its intended context, 
• User centred qualitative evaluations for ergonomic assessment due to its subjective 
nature. 
The results show that designers would want a range of easy to use tools at their disposal this 
is probably due to the wide range of products that they evaluate. Not only do designers 
consider it important to be able to evaluate the wide range of product characteristics they also 
state that it is necessary to capture and record the data from the user. This could then be 
presented in a format that designers can understand which in the authors' opinion would be 
some form of graphical format such as pie charts and bar graphs or even performance tables 
comparing various concepts. One complete solution was suggested which might be close to 
what should be aimed for was that 'the more realistic the evaluation the better, within the 
intended context. It would be good if it could ask them questions at the right time, plus capture 
both their answers/replies to the questions and also physical responses difficulties when 
interacting with the product (assuming it's a virtual prototype). Also then be able to quickly 
make notes and changes perhaps sketches related to a conversation that designer can have 
with the user.' 
Q15) What would you not include in a product evaluation tool? 
This open-ended question was designed to capture a varied response. This question was 
included to give an initial indication as to what designer would not want in a product evaluation 
tool. The full set of responses are recorded in Appendix 6.3m. However, the key findings were: 
• Designers would not want another engineering based approach, 
• They would also not want a tool that used complex terminology, 
• A standardised set of questions (it must be very customisable), 
• Anything that makes the evaluation process time consuming, 
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The results show that designer do not want a complex and cluttered product evaluation 
process tool, they would want a tool that was quick, efficient and easy to use leading them 
through their customised product evaluation process. 
Q16) Any comments or questions? 
This open-ended question was designed to capture a varied response. This question was 
included to give the deSigner a chance to state any views or questions they felt they had not 
had chance to give earlier in the questionnaire. One key comment was that: 
"Currently tools like SolidWorks can be both a boon and a hindrance, as they can lead you 
into creating the CAD models too early and then getting tied up with the process of creating 
the CAD. So I'm concerned that CAD companies are focusing a lot on the enterprise side of 
the design process (PDM and PLM software) but not producing anything to capture the initial 
thinking, creativity and decision making at the front of the process" (Respondent 10). 
The author tends to agree with this statement as currently, packages are focusing on the 
enterprise, marketing and engineering. However, developments in technology, the internet 
and current research will eventually see the improvement and extension of these CAD 
packages to other areas (see Chapter 4), because designers are really after a combined 
product design and evaluation tool, rather than just an evaluation tool. For this reason any 
future product evaluation tool should be modular or compatible with current CAD packages 
and could be integrated into existing CAD packages in the future. Another valid statement by 
respondent 10 is that: 
"It is also important to capture the decisions so that these can be compared with the user 
evaluation. For instance if a nice big user evaluation study says you should include feature A 
but not feature a, then it would be very useful to be able to see why you included feature a 
right there in the study ... it may have been well thought out and included for good reasons the 
users are not aware of, or perhaps it just ended up that way because it was a concept idea 
that never got thought through any further.". 
This response shows that designers consider that it is important to capture their decision 
making process in some format and that a user centred evaluation is key to the product 
evaluation process. It also shows that concepts and models need to be traceable right back to 
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their concept phase this could be achieved in its simplest form by using multiple product 
versions allowing the designer to go back to a certain stage in their design process. In the 
future it might be possible to allow the designer and user to evaluate a design and make 
changes in real time and to visualise a wide variety of product options and go through an 
evaluation process step by step effectively co-designing a product. 
6.5 Chapter summary 
This study was designed to evaluate what design and evaluation processes design 
consultancies currently use and what virtual prototyping technologies they currently have 
access to. Although the response rate was low, and this should be taken into consideration, 
the responses given are still valid opinions held by designers in industry. The questionnaire 
results demonstrate that a variety of evaluation methods are used in industry. However these 
methods still need to be evaluated with regard to the user and how they affect the reliability of 
a virtual product evaluation (see Chapters 7 and 8). 
The responses to what designers would and would not want in a product evaluation tool were 
also taken into consideration when determining designer requirements for the next generation 
of virtual prototyping technologies and the production of the evaluation scenarios (as reported 
in Chapter 9). A wide variety of virtual prototyping technologies are available as discussed 
previously in Chapter 4. This was determined through research into the field and information 
gained from a visit to Virtalis [2007] (see Appendix 6.4 for notes on visit). The questionnaire 
study provided evidence for which technologies were being most commonly used within 
industry. Therefore, virtual prototyping technologies were selected for the remaining part of the 
research based on the responses given by consultancies as well as costs, time, availability 
and technical ability required. It was decided that the next study (reported in Chapter 7) should 
include not only a range of technologies but also a range of user evaluation methods that are 
used in industry. The technologies used for the experimental trial reported in Chapter 7 
needed to be representative of the different range of technologies and methods available to 
the designer for early product testing and evaluation. Therefore, technologies ranging from 
software that can create on-screen photo renderings, through to 360 0 CAD models and an 
interactive haptic interface were chosen. 
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Chapter Seven: Study 8 - The prevalence of psychological and physiological 
discomfort in virtual prototyping technologies 
7.0 Introduction 
This study addresses the prevalence of physiological and psychological discomfort 
encountered by users when using a series of virtual prototyping technologies. The study also 
presents the results of a set of product evaluation trials. Users were shown several virtual 
prototypes of a consumer product (a battery operated stain removing brUSh) and asked to 
indicate their opinion of the product. The process was then repeated with the actual product to 
determine the reliability of product evaluation using the virtual prototypes. Evidence of the 
accuracy of the evaluations was gathered and analysed. This was achieved through a series 
of four questionnaires, semi structured interviews and observations. The first of these 
questionnaires collected a data on participant demographics this was followed by a 
questionnaire that led participants through a product evaluation process. At the same time 
participants were asked to complete a self evaluation questionnaire assessing the prevalence 
of psychological and physiological discomfort. The next stage was questionnaire on the user 
acceptance of the virtual prototyping technologies, participants used for their product 
evaluation. This was followed by a comparison interview comparing the virtual with the actual 
product. This is followed by a basic bio-mechanical analysis of the PHANTOM® Haptic Device 
and an assessment of its affects on body posture. The results and descriptive statistics from 
the thirty-eight questionnaires and the thirty-eight semi-structured interviews and observations 
are given separately. 
7.1 Study strategy 
The aim of the study is to investigate the users' acceptance of virtual prototyping technologies 
and the prevalence of psychological and physiological discomfort. The participants in this 
study consisted of one male and one female for each of four age categories (18-33, 34-49, 50-
65,66+), giving a total of eight participants respectively for each condition (in order to reduce 
learning effect bias). The participants were from wide ranging work and social backgrounds 
and were reasonably representative of the current population of the UK, based on the 2003 
National Census [UK National Statistics, 2007]. Participants were found using a spreading the 
net sampling strategy [Robson, 2002], with a purposive sampling method providing a large 
variation in geographical location, age, background and context. This, in turn, provided the 
greatest opportunity to gather relevant data and was combined with an opportunity 
(convenience) sampling method in order to reduce time and costs [Robson, 2002]. 
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The participants were found by using friends, family, work and university contacts. In addition, 
posters were placed around Loughborough University asking for participants to contact the 
department if they wanted to undertake the study. These contacts were noted throughout the 
duration of the study; any duplicate participants were recorded for possible use in future 
studies. 
7.2 Experimental trial design 
Initially, a suitable product needed to be found for use in the experimental trials. After 
consultation with Procter & Gamble (P&G) [2003], they provided a fast moving consumer good 
for the study. It was chosen to meet a list of requirements that had been decided upon by the 
author and tutors as being specific product characteristics required for the study. The list was 
as follows: 
• A small scale: hand held, fast moving consumer good 
• A variety of textures, materials, colours and surface hardnesses 
• Product should be electric or battery operated and make a noise when operated 
• Contains multiple parts 
• Not to be available on the British market (to avoid pre-conceptions) 
The product provided by P&G was a Tide Stainbrush; a battery powered cleaning brush (see 
Figure 7.1). The Stainbrush is used with Liquid Tide to safely remove tough stains; oscillating 
bristles penetrate the Liquid Tide into fabrics. The Stainbrush is used in three steps: first the 
Liquid Tide is applied directly onto the stain. Then the switch is pressed, either down for on/off 
control or forward to lock into the on position. Then the Stain brush is applied on and around 
the stained area, penetrating the Liquid Tide into the stain. The Stainbrush was not yet 
released in the UK and therefore was unfamiliar to participants and reducing the chance of 
any previous pre-conceptions. 
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Table 7.1 shows that a different set of participants was used for each condition , but that each 
evaluated the same product represented virtually. Due to older participants (66+) being 
reluctant to use equipment in previous conditions and also the difficulty in finding willing 
subjects , it was decided to not include older participants in condition 4. 
Conditions 
I 00. Actual product (see Figure 7.1) 
01 . On screen: Photo realistic renderings (see Appendix 7.1) 
02. On screen: Preset animations (see Appendix 7.1) 
03. On screen : 3D 3600 view & controlled animations 
(see Appendix 7.2) 
04. PHANTOM® haptic device & Freeform Modell ing Plus 8.2 (3D 360 0 
view) (see Appendix 7.3) 
Screen captures of each condition can be found in Appendix 7.1 (conditions 1 and 2) , 
Appendix 7.2 (condition 3) and Appendix 7.3 (condition 4) . Each condition required a different 
set of software to achieve the required virtual representations. The manufacturer / developer 
of the equipment that was used in each condition was contacted regarding any planned future 
improvements or developments and asked to comment on their various strengths and 
weaknesses. None of the manufacturers or developers replied , so the relevant questionnaire 
has not been included in this thesis. P&G sent the original stereolithography (STL) CAD files 
with the actual product, after which they had no further involvement. The STL files were 
imported into various pieces of software which differed for each condition. Table 7.2 shows the 
method used and the software and hardware required for each condition . 
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Method 
00. Actual An initial set of trials using the actual product 
Product provided a set of control results. 
The files were imported into 3D Studio MAX 
01. On which was used to produce renderings and 
screen: then imported into Microsoft PowerPoint to 
Photo create a basic user interface. This allowed 
realistic participant's to shift through views consisting of 
renderings Front, Side, Back, Top, Bottom and 
Perspective (see Appendix 7.1). 
3D Studio MAX was used to produce the 
animations. Sound was recorded and imported 
02. On into the animations. Which were exported as movie files and imported into Microsoft 
screen: PowerPoint to create a basic user interface. Preset Animations included: turntable rotate, over the 
animations top view, un-exploding view (which also 
focused on the switch and movement of the 
brush head) (see Appendix 7.1). 
Files were imported into Pro/ENGINEER: 
Wildfire 2.0, assembled and assigned 
03. On mechanics; colour and animations were 
screen: 
created using the internal animation model 
3D 360· view allowing a 3D 360· view of the product in real 
& controlled time (see Appendix 7.2). Animations included 
animations turning on and off with associated movement of the brush head, exploding and un-exploding 
views. A sheet was also created for 
participant's reference (see Appendix 7.5). 
The files were imported into Freefonm 
Modelling Plus 8.2 (see Appendix 7.3), 
04. assembled and parts were combined and 
PHANTOM® simplified. A sheet was also created for 
& Freeform participant's reference (see Appendix 7.6). 
Modelling 
Plus 8.2 (3D 
360· view) 
Difficulties 
Experienced 
1 None. 
Rendering and 
setup time. Some 
original parts 
needed to be 
separated & 
reproduced (done 
once). 
Setup and render 
time of animations. 
Complex and 
difficult installation 
and licensing 
procedure which 
caused problems 
throughout the 
trails. 
System lag 
required reduction 
in parts & 
complexity. 
Problems with thin 
sections. Paint tool 
was inadequate 
and hard to use 
(fill colour used 
instead). 
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Software 
Required 
11 None. 
3D Studio MAX 
[Autodesk Inc., 
2007], 
Microsoft 
PowerPoint 
[Microsoft Corp. 
2007]. 
3D Studio MAX 
Sound Forge 8 
[Sony Corp., 
2005], Microsoft 
PowerPoint. 
Pro/ENGINEER: 
Wildfire 2.0 
(Educational 
Edition) 
[Parametric 
Technology Corp. 
2007]. 
Freeform 
Modelling Plus 8.2 
[Sensable 
Technologies Inc., 
2007]. 
Hardware 
Required 
I Actual product. 
Laptop (Intel 
Pentium M740, 
1.73 Ghz, 512Mb 
RAM, 15.4" WXGA 
TFT,128Mb 
NVIDIA GeForce 
Go 6200). 
Laptop 
(As above). 
Laptop 
(As above). 
PHANTOM® haptic 
Device 1.0, 
High End Graphics 
WOrkstation (Xeon 
dual processor 
2.8GHtz, with 19" 
flat screen and 
NVIDIA Quarto 
FX1300 graphics 
card). 
Table 7.2 - Method, difficulties and hardware, software required by condition 
7.2.1 Environmental considerations 
There were a range of environmental conditions that needed to be considered when designing 
the experimental trials, from work envelopes to thermal and lighting conditions. These 
considerations are described below: 
• Workspaces: One use of anthropometric data (see Chapter 3) in the design of 
workspaces is the identification of the user's workspace envelope (the 3D space within 
which an individual can work). The limits of seated users can be determined by the 
functional arm reach, which is also influenced by the task, clothing, direction of reach 
and so on [Sanders & McCormick, 1983]. 
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• Thermal environment: Thermal comfort is when the user expresses satisfaction with 
the thermal environment. Office environments can be assessed using a subjective scale, 
although many factors such as age, clothing and activity can affect their comfort. One 
way to assess a user's preference in a thermal environment is to ask them how they feel 
now and how they would prefer to be [Wilson and Corlett, 1995]. 
• Illumination: In an office environment the sun is not the only source of illumination. 
Visibility refers to how well something can be seen by a human eye. One key factor 
influencing visibility is contrast, or how well the subject stands out from its background. 
One key question is how much illumination is enough? Sanders & McCormick [1983] 
state that it is dependent upon the visual task, after consideration it was decided to use 
lighting category E (500-750-1000Iux) for the experimental trials where possible. 
• Glare: Glare is when the brightness within the field of vision is sufficiently greater than 
the luminance to which the eyes are adapted, causing annoyance, discomfort or loss in 
visual performance and visibility. There are many factors that can affect a user's visual 
performance (see Appendix 7.4). Direct glare is caused by light sources in the field of 
view and reflected glare is caused by light being reflected by a surface in the field of 
view. Glare can also be classified by its effects on the user, of which two types are 
recognised, discomfort and disability glare [Sanders & McCormick, 1983]. 
• Noise: Noise is an environmental consequence of today's technological world. Although 
its effects on performance are not clear, there is no question that high noise levels pose 
a serious threat to our hearing [Sanders & McCormick, 1983]. Although it is unlikely that 
noise will affect a user's comfort during experimental trials it is necessary to be aware of 
this potential issue [Noise at Work Regulations (UK), No. 1790, 1989]. 
Although lighting, desk position, seating and other variables remained as similar and familiar 
as possible, it should be noted that the environment would still have had some effect on the 
evaluations (both of the product and of the virtual prototyping technologies). However, this 
effect was kept to a minimum by testing each condition in a similar environment, using the 
same equipment and in appropriate locations (e.g. no background noise and appropriate 
lighting) where possible. In addition, any sources of disability, discomfort or glare were 
reduced, removed (or the equipment moved) where possible, before the trials began. 
-104-
7.2.2 Effects of ageing 
If! LO';1ghb.orough 
.Umverslty 
As age advances, there is an increase in the probability of decline of performance in nearly all 
sensory, intellectual and physical functions, ranging from slight to very severe; the onset and 
speed depending upon the individual (decade of birth, health, nourishment, exercise, work 
and social activity). Appendix 7.7 gives an overview of the effects of ageing on various human 
characteristics, the considerations for the experimental trial design and the use of virtual 
prototyping technologies. There are many degenerative diseases that may affect a user's 
comfort, evaluation of a product and their performance, both mental (e.g. Alzheimer's disease) 
and physical, (e.g. osteoarthritis and osteoporosis). This is why it was necessary to identify 
such medical conditions in the experimental trials to assess whether these would affect the 
results in any way. 
7.3 Pilot study 
The study was initially piloted with five peers (from the Department of Design and Technology, 
Loughborough University) who completed the experimental trial and reviewed the ease of 
understanding. Subsequently, minor changes were made before beginning the experimental 
trials. Video recording of participants was tested in the pilot study, but participants were too 
conscious of it and did not like being videoed. The persuading of participants to consent to 
being videoed was difficult and it was decided that the author would make observational notes 
instead. 
7.4 Methods used in trial 
Each condition was undertaken individually, with each participant and the researcher present 
throughout the trials. Although the participant completed the task alone and in his/her own 
time, the researcher was there to guide the participant through the experimental trial process 
as shown in Figure 7.2. 
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Pre-experimental trial setup 
(Setup of room and technology, check equipment, lighting etc.) 
~ 
Participant information and consent form 
(What is going to happen, participants rights and consent etc.) 
~ 
Participant information questionnaire 
(Demographics, medical health etc.) 
~ 
Familiarisation of virtual prototyping technology 
(Five to ten minutes to 'play' with the virtual prototyping technology) 
I 
+ 
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Product evaluation Self evaluation Observations 
questionnaire questionnaire (Observer as participant) 
(Physical and emotional product (Time, thermal, 
evaluation) ohVsioloqical discomfort) 
I 
User acceptance of virtual prototyping technologies questionnaire 
(Acceptance, advantages, disadvantages of technology used) 
~ 
Familiarisation of actual product 
(Five to ten minutes to 'play' with the actual product) 
~ 
Semi structured interview 
(Comparison of virtual and actual product, data triangulation, member checking) 
~ 
NASA Task Load Index 
(Subjective workload assessments) 
Figure 7.2 - Experimental trial process 
7.4.1 Participant information questionnaire 
Each set of participants was required to read and complete the participant information and 
consent form (see Appendix 7.8), which provided the participant with information on what was 
to happen through the trials. Participants then completed a participant information 
questionnaire (see Appendix 7.9) concerning their demographics, medical health and any 
other relevant information that could affect the study. 
-106-
7.4.2 Product evaluation questionnaire 
11! L01;lghh.orough 
.Umverslty 
To begin with, participants were given the opportunity to familiarise themselves with the 
technology for five to ten minutes and given a chance to ask any questions. Participants were 
then required to evaluate the stain remover product using a virtual prototyping technology (see 
Chapter 4); each technology was evaluated by a different set of participants. The participants 
were required to complete a second questionnaire (see Appendix 7.10) which guided them 
through a product evaluation process ranging from physical aspects through to emotional 
responses as shown in Table 7.3. These aspects had been identified through earlier research 
(see Chapter 3), discussion with peers and through personal experience. Participants could 
refer back to the virtual product, using the technology as much or as little as they wished. 
Property Type Properties 
Geometry: size, shape, form, texture, style, weight and balance 
Surface properties: temperature, texture, reflection, finish, logos and text 
Material properties: colour, materials used, surface deflection and opacity 
Physical Interface: controls, displays, information, fit, friction, opening/closing and sound 
I Context: interaction with environment. 
Assembly: replacement and number of parts 
I Function: interface, sound and power 
I~=======: 
Emotional response (Des met, 2002), self instructing 
Emotional 
I Perceived cost and value, quality 
Pleasure, safety, function, ease of use and comfort 
Fashion, image, trends and environment friendliness 
Table 7.3 - Product characteristics for evaluation used in study B 
7.4.3 The prevalence of thermal and physiological discomfort 
An adequate discussion of the definition of discomfort cannot be reached within the confines 
of this thesis; many authors have discussed this issue and this thesis does require a definition 
of discomfort which is difficult to define as it has both subjective and objective elements. One 
view is that the build-up of waste products [Bridger, 2003] can lead to sensations of discomfort 
or pain, a view which is supported by Corlett & Bishop [1976] who state that 'the comfort level 
experienced would arise as a result of the summation of sensory stimuli experienced via al/ 
sense organs, judged as a totality', however, discomfort can also be influenced by 
psychological and social factors. A prominent and reliable figure, Grandjean [1969] stated that 
comfort is the 'absence of discomfort and denotes a state of no awareness at al/ of a feeling 
and does not necessarily entail a positive affect' and goes on to suggest that 'observation of 
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behaviour is at least as good a guide to comfort as verbal judgement'. Branton [1969] agrees 
with this definition. Other definitions are discussed by Open Ergonomics [2007] and Hertzberg 
[1958]. The definition of discomfort as defined by the author and used in this thesis is as 
follows: 
'The perception of 'comfort' is the absence of discomfort and denotes a state of no awareness 
at all of feeling, pain, stress, tension and other sensory inputs as a result of the summation of 
sensory stimuli experienced via all sense organs, judged as a totality and is also dependant 
on many other factors such as exposure, lifestyle, gender and task'. 
There are a range of available subjective methods of capturing discomfort of users. Rating 
scales are a common and popular method for quantifying subjective assessments of 
discomfort; these scales can be divided into two main types. One is a linear analogue scale 
where two statements are placed at opposite ends of a line ranging from 'very uncomfortable' 
to 'very comfortable'. The other type of scale is the category rating scale, where a respondent 
would rate their discomfort into a specific category which can then be defined further using 
numbers. For example: very slight discomfort (1-10), slight discomfort (11-20), medium 
discomfort (21-30), severe discomfort (31-40) and very severe discomfort (41-50). One 
example is the general comfort scale used and developed by Shackel et al. [1969] for 
measuring seat discomfort. However, more than the mere intensity of discomfort is needed for 
an adequate description of the discomfort. The above scales do not identify the location of the 
discomfort; for this, a body part discomfort map such as that developed for use in the Nordic 
Musculoskeletal Questionnaire (NMQ) as illustrated in Figure 7.3 is needed [Kuorinka et al., 
1987]. A developed version of this forms an important section of this questionnaire. 
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Figure 7.3 - Nordic musculoskeletal body part discomfort map [Kuorinka et al., 1987] 
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Throughout this stage of the trial, participants were asked to complete a third self evaluation 
questionnaire at various stop points, which recorded the time taken by participants and the 
prevalence of thermal and physiological discomfort (see Appendix 7.11). 
7.4.4 User acceptance of virtual prototyping technologies questionnaire 
Once the participants had finished using the VP equipment for evaluating the product, each 
was asked to complete a final questionnaire (see Appendix 7.12). This concerned the 
participant's acceptance and evaluation of the virtual prototyping technologies they had used 
while evaluating the virtual product. Participants were also encouraged to suggest advantages 
and disadvantages of each technology (hardware and software) and any improvements they 
would make. 
7.4.5 Semi structured interview 
This was followed by a comparative semi-structured interview to compare the virtual product 
ot the actual product. A predetermined set of questions and prompts were set out as a guide 
for the interviewer (see Appendix 7.13). The semi-structured interview method was chosen as 
the best way to validate and explore any issues that arose, due to its inherently flexible nature. 
Before the interview, each participant was shown the actual product and allowed to play 
around and test it for around five minutes. Once they had finished, they were asked to 
compare the virtual product to the actual product. The interview was structured by the 
interviewer and consisted of an introduction, warm-up, main body, cool-off and closure; as 
discussed in Robson [2002]. Participants were then presented with the notes taken from their 
interviews and asked if they thought anything should be changed or removed, which safe-
guarded against researcher bias (the process otherwise known as member checking). 
7.4.6 NASA Task Load Index 
Once all the questionnaires and the semi-structured interviews had been completed, 
participants were asked to complete a NASA Task Load Index (TLX) [Hart & Staveland, 1998]. 
The NASA TLX is a subjective workload assessment tool which allows the researcher to 
perform assessments on users working with various human-machine systems. It consists of a 
set of linear rating scales (0-6, with a +/-0.5 error margin), and is about using the technologies 
and associated software (see Appendix 7.15). It was included to assess the levels of 
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perceived effort and performance; temporal (time), mental and physical demands, as well as 
frustration levels. 
7.4.7 Observations 
During each session, the researcher also made notes on the participant's reactions, difficulties 
and any other points that arose. The participant was made aware of the fact that the 
researcher would make notes through observation (observer as participant). 
7.S Results 
This section includes the results from thirty-eight participants who participated in the study; 
each question is explained and the results analysed. At the end of the results section is a 
summary of the insights gained from each questionnaire, interview and observation. Unless 
otherwise stated, coding for each question is as follows: (1 F) = 1 female, (2M) = 2 males and 
so on; (x) = number of responses, e.g., reading (1), means that one participant responded with 
"reading"; (F, 50-65) = gender and age group. 
7.5.1 Data collected from the participant information questionnaires 
The first questionnaire concerned the participants' demographics, medical health and any 
other relevant information that could affect the study. All the results tables have been included 
in the appendices. However, the most important findings are presented in the sections below 
where references given refer to the tables in Appendix 7.16. The key findings were as follows: 
• All participants' first language was English. 
• None of the participants were abnormally tall, short or overweight. 
• 71% of participants had used a computer at home and/or at work (63%). 
• 79% of participants used a computer on a daily basis. 
• 62.5% of participants aged 66+ do not use computers at all. 
• Participants used their computers for working (74%), emailing (68%), internet (58%) and 
playing games (45%). 
• 50% of participants do not play computer games at all. Those who played computer 
games tended to play them weekly (26%) and the majority of them were in the younger 
age groups (18-33, 34-49). 
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• Participants had a wide variety of occupations from managing directors to electricians 
(across all conditions). 
• 66% of participants wear prescription glasses (mainly for reading); this is mainly among 
the older participant age groups (34-49, 50-65, 66+). 
• No participants were colour blind. 
• 92% of participants were right-handed; only two participants responded that they were 
left-handed and one was ambidextrous. 
• Some participants responded with disabilities or medical problems that could affect the 
results; these participants were noted and the issue was taken into consideration in the 
further questionnaires. 
• 74% of participants had not received medical treatment within the last year. 
• Participants owned (and used) a wide variety of electronic consumer goods. 
These results show that any factors that might affect the product evaluation and user 
acceptance of the virtual prototyping technologies were identified and taken into 
consideration. The results also showed that the participants came from a wide range of social 
backgrounds. Those who wore glasses were asked to use them. Although this did not cause a 
problem with the virtual prototyping hardware used in this study, other hardware such as Head 
Mounted Displays (HMO) could cause problems for this group of evaluators. 
7.5.2 Data collected from the product evaluation questionnaires 
The second questionnaire guided the participants through a product evaluation process 
ranging from physical aspects through to emotional responses. The questionnaire had a 
mixture of both open and closed questions, starting with more interactive questions designed 
to settle the participants into the exercise. All the results tables have been included in the 
appendices. However, the most important findings are presented in the sections below where 
references given refer to the tables in Appendix 7.17. 
Q1) Colour I shading: what shade of red do you perceive this product to be? 
This was a closed, tick-box question, with a range of possible responses; participants were 
shown a sample sheet (see Appendix 7.18a) with a range of colours, one of which matched 
the actual colour of the product (example 1 was the actual shade of red). Participants were 
allowed to select one response from the options. This question was included to evaluate 
whether participants could accurately evaluate the shade of colour across the conditions. The 
key findings were that: 
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• The most accurate condition was the PHANTOM® / Freeform system where 100% of 
participants responded correctly. 
• This was followed by the actual product, preset animations and the 3D 360 0 view with 
50% of participants accurately evaluating the shade of red. 
• The least accurate condition was the photo-renderings with only 45% of participants 
responding correctly. 
The results show that the PHANTOM® / Freeform system was the most accurate this could be 
due to the absence of lighting effects or renderers that could affect the shading and apparent 
colour of the model. 
Q2) Perceived weight: how much do you perceive the product should/would weigh? 
This was an open-ended question. Participants were asked to pour sugar into a container until 
it resembled their predicted weight of the product (an example sheet was also available). The 
container was then weighed on a set of electronic scales, the result being recorded on the 
questionnaire (with an error margin of +/- 0.1 g); average values were rounded giving an 
overall error margin of +/- 19. This question was included to evaluate whether participants 
could accurately judge the product's weight across each condition. The actual product was 
weighed, giving a comparison actual weight of 125g; the control condition shows that there is 
an approximate participant error margin of +/- 3g. The key findings were that: 
• The most accurate conditions were the preset animations and the 3D 360 0 view with 
(+7g), 
• Followed by the photo renderings (+40g), 
• The PHANTOM® / Freeform system had largest error margin of +61 g. 
The results show that the most accurate conditions were conditions that allowed participants 
to view the entire product with exploded views, offering more information with which to more 
accurately judge the components, scale and consequently the weight of the product. 
Q3) Perceived balance: where do you perceive the balance of the object to be? 
This question used a linear scale of 0-6 (with a measurement error margin of +/- 0.5), 
representing the product. Participants were asked to mark the line where they considered the 
balance point of the product to be. This linear scale represented the same value (where 0 = 
top-end heavy and 6 = bottom-end heavy). This question was included to evaluate whether 
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participants could accurately evaluate the product's balance point. The actual balance point 
was measured and represented by the value 3.8. The key findings were that: 
• Participants could accurately judge the product's balance point. 
• Participants using the photo renderings could most accurately judge the product's 
balance point, followed by the PHANTOM® I Freeform system, the 3D 360 0 view and the 
preset animations. 
Q4) Form: which of the following best describes the product's shape? 
This was another closed, tick-box question, with a range of possible subjective responses. 
Participants were shown a range of shapes; they were allowed to select one response from 
the options. This question was included to evaluate whether participants could accurately 
evaluate the product's form (shape). The key finding was that: 
• A large majority of participants tended to agree on two general shapes, the can (68%) 
followed by the cone (29%). 
The results showed that the question was subjective and too general; responses could have 
been specific product forms relating to the actual product, which would have been an 
improvement. The results also show that participants can accurately generalise a product's 
form, however, further research is needed into more specific (and possibly more complex) 
product forms and the accuracy of their perception when represented virtually. 
Q5) Surface texture: which texture do you perceive the product handle to be? 
This was another closed, tick-box question, with a range of possible responses. PartiCipants 
were shown a sample sheet with a range of textures (from hard to squeezable, see Appendix 
7.18b), one of which closely matched the actual texture of the product (example 3). 
Participants were allowed to select one response from the options, which was followed up by 
an open-ended question asking participants to describe the texture of the handle of the 
product. This question was included to evaluate whether participants could accurately 
evaluate the product's surface material properties and surface texture. The key findings were 
that: 
• The PHANTOM® I Freeform system was the most accurate condition with 67%. 
• Followed by the 3D 360 0 view with 50% and photo renderings with 37.5%. 
• The preset animations were the least accurate condition with 12.5%. 
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• Participants can make an accurate but basic description of the surface texture across all 
conditions. 
The results show that although surface properties are difficult to evaluate correctly, the 
PHANTOM® I Freeform system was the most accurate this could be due to the ability to feel 
general surface texture using the PHANTOM®. 
Q6) Perceived size 
Participants were asked to draw one line representing the perceived height and another line 
representing the width (at the widest point) using a ruler. These were then measured (+1- 1mm 
error margin including rounding). This question was included to evaluate whether participants 
could accurately assess the product's size. The actual size was measured as 17.7cm (height), 
3.7cm (width) and 4.0cm (depth), which could then be compared to the overall average by 
condition. The key findings were that: 
• Some participants used their previous experience of battery size (photo renderings, 
preset animations and 3D 360 0 view) or their hands to assist them in their answer. 
• When judging the height, the least accurate were the preset animations, with a large 
error margin of -4.1cm, followed by the PHANTOM® 1 Freeform system. 
• The 3D 360 0 view and photo renderings resulted in similar error margins and were the 
most accurate conditions. 
• Concerning the width, the PHANTOM® I Freeform system was the least accurate, 
followed by photo renderings and preset animations with the same error margin; 3D 360 0 
view was the most accurate. 
The results show that overall 3D 360 0 view was the most accurate condition when judging 
product size. This could be due the animations allowing participants to compare the battery 
size with the product, or to participants being able to view the product from any angle they 
wish. The question could have been improved by also asking participants to make a 
judgement on the depth of the product, as this would require them to rotate the model or look 
at a different view. 
Q7) Surface temperature: how hot/cold do you perceive the surface of the handle to be? 
This was a closed, tick-box question, with a 7pt Likert scale (Robson, 2002) ranging from cold 
through to hot. This question was included to evaluate whether participants could accurately 
evaluate the surface temperature of the product while it was being operated. 
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This was a subjective question. The author judged the surface temperature of the handle to be 
neutral to cool, but from the control condition it is clear that participants had a wide range of 
responses from "cold" through to "warm", the majority responding with "neutral". The key 
finding was that: 
• The majority of participants across all conditions responded with 'neutral', however, 
there was less variation in responses with the PHANTOM® I Freeform system, then the 
3D 360 0 view, followed by photo renderings and preset animations. 
QS) Surface reflection: do you think that the surface of this product would be 
reflective? 
This was a closed, tick-box question, with a 7pt Likert scale (Robson, 2002) ranging from no 
reflections through to mirror like. This question was included to evaluate whether participants 
could accurately assess the surface reflection of the back of the product. The actual surface 
could be judged to be 5-6 on the scale, based on the results from the control condition. The 
key findings were that: 
• The most accurate condition was preset animations followed by the 3D 360 0 view and 
the PHANTOM® I Freeform system. 
• The least accurate condition was the photo renderings. 
• The spread of results was also noted, with the actual product, preset animations, 3D 
360 0 view, the PHANTOM® I Freeform system and photo renderings resulting in the least 
spread to the greatest spread respectively. 
This result was surprising, as the photo-renderings were the most realistic representation of 
the product's surface reflection, yet this condition performed worst of all. Preset animations 
were the most accurate, which could be due to the rendered nature of the animations and the 
movement across light sources more accurately mimicking a real reflective surface. In 
conditions 3 (3D 360 0 view) and 4 (PHANTOM® I Freeform system) the product surface was 
not rendered, which could account for the greater spread in the results. 
Q11) Materials used: what materials are used to make the product? 
This was an open-ended question, where participants were allowed to state what materials 
they thought the product was made from. This question was included to evaluate whether 
participants could accurately evaluate what material a product is made from. The key finding 
was that: 
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To improve the question, participants could have been exposed to a range of products 
manufactured in a range of materials which could then be evaluated. A more detailed 
evaluation of the product's material depended on the participants' experience and knowledge 
as much as on the information presented. 
Q12) Manufacturing method: how do you think the product was made? 
This was another open-ended question, where participants were allowed to state what 
manufacturing methods they thought had been used to make the product. As some 
participants were unsure about which method might have been used to make the product, this 
question could have been improved by using a tick-box format, providing the participants with 
a choice of products manufactured by a variety of methods, as examples. The question was 
included to evaluate whether participants could accurately evaluate how the main product 
body was made (the actual product was injection moulded). The key findings were that: 
• The participants' responses depended on their experience and knowledge as much as 
on the information presented. 
• The most accurate condition being condition 1 (photo renderings) followed by the preset 
animations and the 3D 360 0 view, with the PHANTOM® I Freeform system being the 
least accurate. 
Q13a) How difficult do you think is the access cover (located at base) to remove? 
This was a closed, tick-box question, with a 7pt Likert scale ranging from easy to remove 
through to hard to remove. This question was added due to participants noting how difficult it 
was to remove the access cover, but after most of condition 0 trials had taken place; only one 
participant responded with '6'. The question was included to evaluate whether participants 
could accurately evaluate how difficult it was to remove the battery access cover. For this 
subjective question, the author judged that the access cover was hard to remove and 
assigned an actual value of 6. The key findings were that: 
• The most accurate conditions were the preset animations and the 3D 360 0 view which 
allowed participants to view the product from all angles. 
• These were followed by the photo renderings. 
• The PHANTOM® I Freeform system was the least accurate condition. 
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The results show that the PHANTOM® I Freeform system was the least accurate condition this 
could be due to the lack of product animations; therefore participants have less information on 
which to make a judgement. 
Q13) What parts of the product do you think are replaceable? 
This question was another open-ended question, where participants were allowed to suggest 
what parts they thought could be replaced on the product. This possibly would have been 
better as a tick-box question. It was included to evaluate whether participants could accurately 
evaluate those parts that were replaceable; on the actual product, the brush head and 
batteries were replaceable. The key findings were that: 
• Condition 2 (preset animations) was the most accurate condition (100%), 
• Followed by the PHANTOM® I Freeform system (66%) and then condition 3 (37.5%), 
• The least accurate condition was condition 1 (photo renderings) (0%), 
• The majority of other participants responded with partially correct answers which were 
either "batteries only" or "brush head only". 
Q14) Surface deflection, is the product solid or squeezable? 
This was a closed, tick-box question, with a 7pt" Likert scale ranging from solid - no movement 
through to squeezable. The question was included to determine whether participants could 
accurately evaluate the surface deflection of the product (including the handle). The actual 
product was solid with a very slightly rubberised (and squeezable) handle. It was therefore 
judged that the value range should be extended to 1-2 to represent the handle. The key 
findings were that: 
• The photo renderings were the most accurate (this includes spread and value of 
responses), 
• This was followed by the 3D 360 0 view and the PHANTOM® I Freeform system, 
• The least accurate condition was the preset animations. 
The spread of results could be due to the nature of the question and the fact that none of the 
conditions demonstrated whether the product was squeezable or not; although the photo 
renderings showed a context view which might explain the more accurate evaluation. 
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This was an open-ended question to allow participants to describe what sound the product 
would make, as sound was included only in condition 2 (preset animations). Other participants 
were asked to make a guess. This question was included to show whether participants could 
accurately evaluate the auditory cues, as sound was only included in condition 2 (preset 
animations). The key finding was that: 
• Participants could make an accurate judgement as to what sounds were made by the 
product, whether sound was included or not. These responses were based on previous 
experience of similar products. 
Q16a) Functionality: describe what do you think the product does? 
This was an open-ended question to allow participants to describe what they thought the 
product would do. Participants responded with a wide range of responses which were then 
coded into several main categories. This question was included to assess whether participants 
could accurately evaluate the functionality of the product. Participants tended to provide only 
short answers which were then coded. The actual function of the product was a stain remover. 
The key findings were that: 
• The participants responded with a range of functions, but from the results, the photo 
renderings were the most accurate condition. 
• Among the other conditions, 'toothbrush' was the most popular response. 
The results showed that participants found it difficult to identify the product functionality. This 
question could be improved by allowing participants to evaluate the functionality of more 
complex products that provide greater levels of interaction, such as mobile phones; then 
assessing the accuracy of those evaluations. 
Q17a) Ease of use: do you think that the product would be easy to use? 
This was a closed, tick-box question, with a 7pt Likert scale ranging from easy to use through 
to hard to use. This question was included to evaluate whether participants could accurately 
evaluate the ease of use of the product. Based on the control condition, the product is 1 -
easy to use. The key findings were that: 
• Preset animations were the most accurate condition based on the amount and spread, 
followed by the photo renderings. 
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• The least accurate was the PHANTOM® I Freeform system which had the greatest 
spread. 
The results showed that preset animations were the most accurate could be due to 
participants being able to view the product from any angle they wished. This question could 
have been improved by using a range of products from a similar group and asking participants 
to compare one against another. 
Q17b) How would you use the product? How does the interface work? 
This was an open-ended question, allowing participants to respond as they wished; it was 
included to further evaluate the functionality of the product and how participants would use 
and interact with the product. Participants who did not respond have been removed from the 
results. Participants tended to provide a wide range of responses with as short an answer as 
possible, although they had been prompted to answer fully. This question was included to 
determine whether participants could accurately evaluate the functionality of the product and 
judge how the product would be used. The key finding was that: 
• Judgements were made on the participants' previous knowledge and experience as well 
as the assumptions they had already made (e.g. some participants assumed that the 
product was a toothbrush and so answered the other questions accordingly). 
Q19) Interface controls, do you think that the controls would be easy to use? 
This was a closed, tick-box question, with a 7pt Likert scale ranging from easy to use through 
to hard to use. The actual product was '1 - easy to use'. The key finding was that: 
• All participants could accurately judge the ease of use of the controls across all 
conditions. 
This question could have been improved by using a range of products from a similar group, 
with different control sets and complexity, and asking participants to compare one against 
another. 
Q20) Describe any logos I diagrams on the product? 
This was an open-ended question, which allowed participants to describe or sketch any logos 
they had seen on the product. 
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The actual product carried a large Tide logo in the form of a sticker on its back, a ring of small 
moulded Tide logos around the brush head and a moulded 'CE' mark on the bottom of the 
product (see Figure 7.1). All logos were included in conditions 1 and 2. The main logos and 
the 'CE' mark were not visible in conditions 3 or 4, but the ring of logos on the brush head 
appeared. This question was included to determine whether participants could accurately 
evaluate any logos or diagrams on the product. The key findings were that: 
• The photo renderings resulted in the most accurate representation of the product's 
logos, followed by the preset animations. 
• Logos could have been applied to the models of the 3D 360 0 view and the PHANTOM® I 
Freeform system, but when the logo was included it led to some participants making 
(possibly false) assumptions. 
The results showed that participants tended to link Tide with previous or other products, which 
led to them making other assumptions about the product. It was then decided not to include 
the logos in the other conditions due to these assumptions. 
Q21) Describe any text on the product? 
This was an open-ended question, allowing participants to describe any text they saw on the 
product. All text and logos for each condition have been described in Question 20 above. 
This question was included to evaluate whether participants could accurately evaluate any 
text on the product. The key findings were that: 
• The photo renderings were the most accurate representation of the product's text, 
followed by the preset animations. 
• No text was noticed on the models of the 3D 360 0 view and the PHANTOM® I Freeform 
system. 
Q22) How is the product powered? Is it rechargeable? What does the power do? 
This was an open-ended question, allowing participants to respond as they wished. The actual 
product was powered by two non-rechargeable 'AA' batteries located side-by-side inside the 
product. The batteries power the motor which drives some gearing, causing the brush head to 
oscillate. This question was included to evaluate whether participants could accurately decide 
how the product was powered and what the power is for. Some participants responded simply 
with 'batteries', while others expanded their responses. The key finding was that: 
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• All conditions produced an accurate but short response, with only a slight variation in the 
degree of response. 
Q23) What happens when the product is switched on? 
This open-ended question allowed participants to respond as they wished. The brush head of 
the actual product oscillates when it is switched on. The responses were encoded and 
collated into the results. This question was included to assess whether participants could 
accurately predict what would happen when the product was switched on. The key findings 
were that: 
• Preset animations were the most accurate with 87.5% of participants responding 
correctly, 
• This was followed by the 3D 360 0 view (62.5%) and the photo renderings (25%), 
• The least accurate condition was the PHANTOM® I Freeform system. 
The results show that participants needed product animations in order to accurate judge what 
happens to this product when it is switched on. As there were no animations in photo 
renderings and the PHANTOM® I Freeform system, which made it impossible to judge what 
movement the brush head would make, whereas in preset animations the animations focused 
on the brush head movement, and in the 3D 360 0 view participants had the option of viewing 
the brush head movement. 
Q24) Context of use: in what context do you think would this product be used? 
This was an open-ended question designed to allow participants to respond as they wished. It 
could have been set as a closed question, but it was decided not to limit the participants' 
responses. The correct response would be along the lines of household or kitchen; only the 
photo renderings showed a context view to participants. This question was included to 
evaluate whether participants could accurately judge the context of the product's use. The key 
findings were that: 
• The majority of participants responded with a generalised 'household' across all 
conditions, 
• Photo renderings were the most accurate, followed by the 3D 360 0 view, preset 
animations and finally the PHANTOM® I Freeform system. 
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The results showed that some participants responding according to the assumptions they had 
previously made. Photo renderings were the most accurate was more than likely due to the 
inclusion of a context view proving that it is important to include such views in a product 
evaluation. This could have been a closed question, improved by allowing a range of pre-
determined responses rather than the open-ended format. 
Q25) Emotional response: how does this product make you feel? 
This was an open question were participants were asked to refer to an example sheet (see 
Appendix 7.18c) and to make a response based on this information. This subjective question 
was included to evaluate participants' emotional response [Desmet, 2002] to the product. The 
key findings were that: 
• The majority of participants responded with 'neutral calm' across all conditions, 
• All responses were in the pleasant sphere of emotional response, ranging from high to 
low activation, 
• An ideal 'pleasant excited' response occurred only in the PHANTOM® / Freeform 
system. 
Q26) Perceived cost I value, do you think the product is cheap or expensive? 
In the final section of the second questionnaire, participants were asked to rate subjective 
attributes using a linear scale of 0-6, (where 0 = cheap and 6 = expensive). The results were 
then converted into a numerical value (with a +/-1 error margin). This subjective question was 
included to discover whether participants could accurately evaluate the perceived cost / value 
of the product when compared to the control condition. The key findings were that: 
• Preset animations were the most accurate; followed closely by photo renderings and the 
PHANTOM® / Freeform system, 
• The least accurate, when compared to the control condition, was the 3D 360 0 view which 
had the largest spread of results when compared to the other conditions. 
The results showed that perceived cost / expense increased with the age of the participant 
(across all conditions, to a similar degree). 
Q27) Perceived quality: is the product made to a high I poor standard of quality? 
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This subjective question also using a linear scale was included to establish whether 
participants could accurately evaluate the quality of the product when compared to the control 
condition. The key findings were that: 
• Preset animations were the most accurate, followed closely by photo renderings and the 
PHANTOM® I Freeform system, 
• The least accurate, when compared to the control condition, was the 3D 360 0 view. 
The results showed that the perceived quality did not alter with age in preset animations and 
the 3D 3600 view, whereas with the actual product and the photo renderings perceived quality 
increased with age. The PHANTOM® I Freeform system decreased with age. 
Q28) Comfort of use: do you perceive this product to be comfortable I uncomfortable to 
use? 
This subjective question using a linear scale was included to show whether participants could 
accurately evaluate the comfort of use of the product, when compared to the control condition. 
The key findings were that: 
• Photo renderings and the 3D 360 0 view were the most accurate; followed by the preset 
animations, 
• The least accurate, when compared to the control condition, was the PHANTOM® I 
Freeform system. 
The results showed that the perceived comfort of use decreased with age across the photo 
renderings, the 3D 360 0 view and the PHANTOM® I Freeform system to a similar degree. This 
is the opposite of the control condition, which has a large age difference in which perceived 
comfort increases with age. 
Q29) Safe to use: do you think the product is safe to use? 
This subjective question using a linear scale was included to determine whether participants 
could accurately evaluate whether the product would be safe to use, when compared to the 
control condition. The key findings were that: 
• Preset animations were the most accurate, followed closely by photo renderings then the 
3D 360 0 view. 
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• The least accurate, when compared to the control condition, was the PHANTOM® I 
Freeform system. 
• Photo renderings and the PHANTOM® I Freeform system had the largest spread of 
results when compared with the other conditions. 
Q30) Do you think that this product would be fun to use? 
This subjective question using a linear scale was included to assess whether participants 
could accurately evaluate whether the product would be fun to use when compared to the 
control condition. The key findings were that: 
• Photo renderings and the 3D 360 0 view were the most accurate; followed by the 
PHANTOM® I Freeform system, 
• The least accurate when compared to the control condition were the preset animations, 
• All conditions had a large spread of results. 
The results showed that for the actual product, photo renderings and the 3D 360 0 view, older 
participants thought the product was more fun to use than did their younger counterparts, with 
a major variation (+3) due to age. The preset animations and the PHANTOM® I Freeform 
system showed a relatively minor variation due to age (-0.4). 
Q31) Do you think that the product appearance is trendy, fashionable? 
This subjective question using a linear scale was included to ascertain whether participants 
could accurately judge whether the product was fashionable when compared to the control 
condition. The key findings were that: 
• The 3D 360 0 view provided the most accurate results, closely followed by photo 
renderings and the preset animations. 
• The least accurate, when compared to the control, was the PHANTOM® I Freeform 
system. 
The results varied across conditions showing that the 3D 360 0 view, photo renderings, preset 
animations and the actual product (with increasing variance), older participants thought that 
the product was more fashionable; with a variation ranging from +0.1 to +3.9 due to age. The 
PHANTOM® I Freeform system showed an opposite variance of -0.8 due to age. 
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Q32) How environmentally friendly do you perceive this product to be? 
This subjective question using a linear scale was included to evaluate whether participants 
could accurately assess whether the product was environmentally friendly, when compared to 
the control condition. The key findings were that: 
• The PHANTOM® I Freeform system was the most accurate condition, although the 
variance was opposite to that of the actual product, 
• After this came the photo renderings and the 3D 360 0 view, 
• The least accurate, when compared to the control condition, were the preset animations. 
The results varied across conditions; in photo renderings, the 3D 360 0 view, preset animations 
and the actual product (with increasing variance), older participants thought the product was 
more environmentally friendly than did their younger counterparts, with a variation ranging 
from +0.2 to +2.4 due to age. The PHANTOM® I Freeform system showed an opposite 
variance of -0.6 due to age. 
7.5.3 Data collected from self evaluation questionnaire 
Throughout this questionnaire, participants were asked to complete the third self-evaluation 
questionnaire at various stop points which recorded the time taken by participants and the 
prevalence of thermal and physiological discomfort throughout the product evaluations, 
finishing with a NASA Task Load index (TLX) which was completed at the end of the interview. 
• The prevalence of physiological discomfort: The full results are shown in Appendix 
7 .19a which show the prevalence of physiological discomfort by condition. The key 
finding was that there was no significant physiological discomfort perceived across all 
conditions. The reason for this could be due to participants in conditions 1-3 (photo 
renderings, preset animations and 3D 360 0 view) using normal computer equipment; the 
risks of using such equipment having been well documented. Although no major 
physiological discomfort was perceived during the use of the PHANTOM® (condition 4), 
the exposure time was limited. It should be noted that further research is needed to look 
into the possible effects of long term use of the PHANTOM®. 
• The prevalence of thermal discomfort: Another part of the self-evaluation 
questionnaire was an assessment of thermal discomfort, where participants were asked 
to evaluate their thermal discomfort on a 7pt Likert scale (where 1 = cold, 2 = slightly 
cold, 3 = cool, 4 = neutral, 5 = warm, 6 = slightly hot and 7 = hot). 
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The full results are shown in Appendix 7.19b. However the key findings were that the 
large majority of participants experienced no thermal discomfort throughout the trials. 
One participant experienced slight thermal discomfort (F, 50-65 - Preset animations), 
being slightly colder than she would have preferred to be. One participant (M, 18-33-
Preset animations) experienced minor thermal discomfort, preferring to be cooler than 
he was. The results showed that there was no significant thermal discomfort was 
experienced across all the conditions. 
• Exposure time: The questionnaire was also used to capture the participants' exposure 
time to the virtual prototyping technologies. Appendix 7 .19c shows that the average 
overall exposure time for each technology was 17-22 minutes (giving a total exposure 
time of 22-32 minutes). This time period is enough to represent an actual product 
evaluation; longer exposure times might be needed to establish whether participants 
would suffer from any physiological discomfort (in particular for the PHANTOM® I 
Freeform system). The actual product evaluation had a target duration of eighteen 
minutes. The preset animations were closest to this at 18.15 minutes. The 3D 3600 view 
took slightly less time; the PHANTOM® I Freeform system took slightly more, while the 
photo renderings took the longest overall, at 22.45 minutes. This could be due to the 
participants having to cycle through images, and then having to go through them again if 
they needed to refer back to anything. The fact that the 3D 360 0 view took the least 
amount of time (overall) could have been due to the more efficient control over the view 
allowing participants to look quickly at any view or animation, as required, throughout the 
evaluation in a full 360 degrees. 
7.5.4 Data collected from the NASA Task Load Index 
Once all the questionnaires and the semi-structured interviews were completed, participants 
were asked to complete a linear rating scale about using the technologies and associated 
software. The scale, (0-6,0.5 error margin), was based on the NASA Task Load Index [Hart & 
Staveland, 1998]. The results are collated into Appendix 7.19d. The results showed that male 
participants found that the photo renderings and the preset animations were the most mentally 
demanding, followed in order by the 3D 3600 view and the PHANTOM® I Freeform system 
which have relatively low ratings. Generally, there was little frustration, physical or temporal 
(time pressure) demand throughout all the conditions. Participants felt that the 3D 360 0 view 
required the most effort, which could be due to the complex menu systems and a user 
interface aimed at engineers; the other conditions required less effort, and shared a similar 
rating. Participants felt that the 3D 360 0 view also provided them with the best performance, 
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followed in order by the photo renderings, the PHANTOM® I Freeform system and the preset 
animations. The results also showed that female participants found that the preset animations 
and 3D 360 0 view were the most mentally demanding, followed in order by the photo 
renderings and the PHANTOM® I Freeform system which have relatively low ratings. 
Generally, (except with the preset animations, which could have been due to the lack of 
controls), there was little frustration, physical or temporal (time pressure) demand throughout 
all conditions. Participants felt that the 3D 360 0 view required the most effort, which could 
have been due to the complex menu systems and a user interface aimed at engineers. This 
was followed in order by preset animations, photo renderings and the PHANTOM® I Freeform 
system. Participants felt that all the conditions provided them with a similar performance. 
The results showed that overall, participants found that preset animations were the most 
mentally demanding, followed closely by the photo renderings and the 3D 360 0 view, then 
finally the PHANTOM® I Freeform system which had relatively low ratings. This could be due 
to the differences between user interfaces; the PHANTOM® I Freeform system could have the 
lowest mental demand due to its limited capabilities during the trials. The photo renderings 
and the preset animations should have created similar mental demands due to having similar 
user interfaces. There was a generally low frustration level across all conditions (preset 
animations having the highest level, which could have been due to the lack of controls). There 
was also low (and similar) physical and temporal (time pressure) demands throughout all 
conditions, although there was a clear order of temporal pressure with the preset animations 
delivering the greatest time pressure. Participants felt that the 3D 360 0 view required the most 
effort; which could be due to the complex menu system and a user interface aimed at 
engineers. These were followed in order by the preset animations, photo renderings and the 
PHANTOM® I Freeform system (with significantly lower values). Participants felt that all the 
conditions provided them with a similar performance; but the order ranged from the 3D 360 0 
view, photo renderings, the PHANTOM® I Freeform system and preset animations. This could 
have been due to partiCipants feeling that because they put the greatest amount of effort into 
the 3D 3600 view, they were rewarded with the greatest level of performance. 
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7.5.5 Data collected from user acceptance of virtual prototyping technologies 
questionnaire 
Once the participants had had a chance to use the equipment while evaluating the product, 
they were then asked to complete a final questionnaire (see Appendix 7.6). This concerned 
the participants' acceptance and assessment of the equipment used while evaluating the 
virtual product. Participants were also encouraged to suggest advantages and disadvantages 
with each technology and to suggest improvements that they would make. Participants could 
refer back to, and even use the technology as much or as little as they wished. Participants of 
the control condition (condition 0) did not complete the questionnaire. The questionnaire 
comprised a mixture of both open and closed questions, beginning with more closed 
questions to settle the participants into the questionnaire while offering the option of 
expanding their responses. All the results tables have been included in the appendices and 
refer to the tables in Appendix 7.20. 
Q1) Have you used this type of equipment before? 
This is a simple closed question, with a Yes, No or Don't know response; participants 
responding with 'Yes' were asked where and when? This question was included to assess 
participants' previous experience with the technology they used in the trials. If they had 
previous experience, the circumstances might have an effect upon their results. The key 
findings were that: 
• In condition 1 (photo renderings), 62.5% of participants had previous experience of the 
equipment they were using, in condition 2 (preset animations) it was 87.5% and 
condition 3 (3~ 360 0 view) it was 62.5%. 
• 100% of participants had not previously used the equipment for condition 4 (PHANTOM® 
I Freeform system). 
Q2) Have you ever received computer related training? 
This was another closed question, asking for a Yes, No or Don't know response. Participants 
responding 'Yes' were then asked about the type of training, the location and when it was 
undertaken. This question was included to assess participants' previous training (relating to 
computers) which would also have an effect on the results. Although the software used in 
conditions 3 (3~ 360 0 view) and 4 (PHANTOM® I Freeform system) was specialised, 
conditions 1 (photo renderings) and 2 (preset animations) utilised a basic user interface 
created in Microsoft PowerPoint. The key finding was that: 
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• The majority of participants have completed computer related training (ranging from 
GCSE level up to Degree level). 
The results show that participants would have received basic training covering operating 
systems, basic application packages and navigation, providing a solid background of 
knowledge for the trials. 
Q3) Were you satisfied with how you used the equipment? 
This was another closed question, with a choice of response from Yes, No and Don't know. As 
a subjective question, it was included to assess the satisfaction of participants regarding their 
use of the equipment. The question could have been improved by using a 5pt Likert scale 
rather than a simple closed question. The key findings were that: 
• 87.5% of participants were satisfied with the equipment in condition 2 (preset 
animations), 
• 83% of participants were satisfied using the PHANTOM® I Freeform system, 
• Finally both the photo renderings and the 3D 360 0 view where 75% of participants were 
satisfied. 
The results show that participants were most satisfied with the preset animations this could be 
due to the simple user interface and animations making it easier to use the equipment with 
familiar controls. 
Q4) Was how to use the equipment self explanatory? 
This was another closed question with Yes, No or Don't know choices. Participants 
responding 'Yes' were asked what problems they encountered. This was followed by an open-
ended question. This question was included to assess whether participants thought that use of 
the equipment was self explanatory. This can then be related to whether participants needed 
to be led through the process or trained to use the equipment beforehand. The key findings 
were that: 
• The majority of participants thought that use of the equipment was self explanatory: for 
the 3D 3600 view it was 75%, the photo renderings it was 62.5% and for the preset 
animations it was 50%. 
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• The exception was with the PHANTOM® / Freeform system, where 100% of participants 
had not previously used the equipment; 76% of participants felt that the use of the 
equipment was not self explanatory. 
Participants were then asked what problems they had encountered. Older users had problems 
controlling the mouse, which may be due to their reduced grip, strength or manual dexterity 
(see Appendix 7.7). Some participants made suggestions for improvements (e.g. photo 
renderings - information booklets; preset animations - video controls). Participants had 
problems with the complex mouse controls and menu systems used in Pro/ENGINEER: 
Wildfire 2 (3D 3600 view). This suggests the need for a simpler user interface. Participants 
using the PHANTOM® / Freeform system (condition 4) suggested that training on positioning 
would have helped, although the use of the PHANTOM® had been demonstrated to 
participants during the trials. 
Q5} Are there any adjustments available on the equipment? 
This was another closed question, offering a choice of Yes, No, or Don't know. It was included 
to assess whether participants noticed any available adjustments on the equipment (other 
than altering the seating). The question had been included originally to cover other virtual 
prototyping technologies such as stereoscopic displays. Conditions 1 to 3 (photo renderings, 
preset animations and the 3D 360 0 view) were used on a high-end laptop. Therefore the only 
possible adjustments were movement of the screen position, keyboard and / or mouse. With 
condition 4, the PHANTOM® / Freeform system could also have been moved into any 
appropriate position. The key findings were that: 
• Generally, participants were unsure about whether there were any adjustments available 
on the equipment in condition 1 (photo renderings) and condition 4 (PHANTOM® / 
Freeform system). 
• However, the majority (87.5%) of participants in condition 2 (preset animations) were 
sure that adjustments were present. 
• The majority of participants (75%) in condition 3 (3D 360 0 view) thought that there were 
no adjustments available to them. 
The results suggest the need for researchers / designers to make participants aware of any 
available adjustments on the equipment before using any virtual prototyping technologies. 
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This was another closed question, with Yes, No, or Don't know options, which follows on from 
the previous question. This selection was followed up with an open ended question asking 
what adjustments they had used. The question was included to assess whether participants 
used any adjustments on the equipment, whether they were aware of them or not. The key 
finding was that: 
• Only one participant used the available adjustments on the equipment in conditions 1 
(photo renderings) and 4 (PHANTOM® 1 Freeform system), while 4 participants in 
condition 2 (preset animations) used the adjustments. 
The results suggest that, even if participants were aware of available adjustments and familiar 
with the equipment (photo renderings and the preset animations), they tended not to use 
them. Participants should be encouraged to use the available adjustments before using any 
equipment in order to ensure their comfort. 
Q7) In your opinion, how realistic was the image quality? 
Participants were asked to rate the image quality using a linear scale (0-6) (where 0 = fake 
and 6 = realistic (+1- 0.5 error margin». The key findings were that: 
• Overall, the preset animations were perceived as having the most realistic image quality. 
• The preset animations were closely followed by the photo renderings, the 3D 360 0 view 
and then the PHANTOM® 1 Freeform system. 
This result was unexpected as it had been assumed that condition 1 (photo-realistic 
renderings) would have been the most realistic. It had been expected that conditions 3 (3D 
360 0 view) and 4 (PHANTOM® 1 Freeform system) would be reported as having similar image 
qualities. The trends show that younger participants thought that the image quality was less 
realistic than did the older participants; this could be due to younger participants being more 
experienced with computer games and graphics which could affect their opinion and 
expectation of realism. 
QB) Did you experience any difficulties in viewing the prototype? 
This was another closed question, with Yes, No, or Don't know choices. A supplementary 
question followed, asking for information about the difficulties that were encountered. 
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This question was included to assess whether participants experienced any difficulties in 
viewing the prototype. The key findings were that: 
• No participants experienced any difficulties with the photo renderings and the preset 
animations; with only one participant having problems with the 3D 360 0 view. 
• In contrast, four participants experienced problems with the PHANTOM® 1 Freeform 
system. 
The results showed that problems with the PHANTOM® 1 Freeform system ranged from 
system lag, which could be improved both by program efficiency and computer hardware 
performance, to participants 'falling off the object (which could be due to operator error, 
problems with the perception of 3D, poor spatial awareness or inexperience in using the 
PHANTOM~. 
C9) In your opinion how realistic was the sound quality? 
Participants were asked to rate the sound quality using a linear scale (0-6) (where 0 = fake 
and 6 = realistic) (+1- 0.5 error margin). Sound was included only in condition 2 (preset 
animations), where the buzzing noise was recorded from the actual product using a 
microphone and the basic sound recorder in Windows®. The sound was then imported into 3D 
Studio MAX and used during the animation when the object was switched on. Sound was not 
included in condition 1 (photo renderings), as it was decided that this would create an unfair 
representation of the technology. It was also decided not to include sound in condition 3 (3D 
360 0 view, although it would have been possible) and in condition 4 (the PHANTOM® 1 
Freeform system where its inclusion was not possible). The key findings were that: 
• Participants rated the sound realism at 4.6 overall in the preset animations, representing 
a realistic sound value. 
The results show that it is possible to realistically and easily represent a product's sound when 
the option is available. 
Q10} Did you notice any delay between you moving the controls and movement on the 
display? 
This was a closed question, with Yes, No, or Don't know responses from which to choose. The 
question could have been improved by using a 5pt Likert scale (ranged from slight to 
considerable) and asking participants to rank the delay experienced. 
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The question was included to assess whether participants noticed any delays between them 
moving the controls and the response of the display. The key findings were that: 
• The majority of participants did not notice any delay (system lag) between control and 
display in conditions 1 to 3 (photo renderings, preset animations and 3D 3600 view). 
• 67% of participants in condition 4 (PHANTOM® I Freeform system) experienced system 
lag. 
The result showed that participants in the PHANTOM® I Freeform system experienced system 
lag these tended to be younger participants whose experience with faster systems might make 
them more sensitive to system lag when compared with older participants. It could also be the 
high system performance required to run haptic systems. 
Q11) Which of the following did you use to control the equipment I display? 
This was a closed question which had a variety of responses, left hand, right hand, both and 
switching between each hand. The key finding was that: 
• All participants responded with 'right hand' across all conditions except for participant 37 
(F, 66+) who responded with 'switching between each hand' (in the preset animations). 
The results showed that even if participants were left-handed (2 participants) they tended to 
operate the equipment using their right hands; this might be an effect of the comfort and I or 
performance when operating these systems. Further research is needed to investigate the 
effect on performance and comfort of left-handed participants using the eqUipment right-
handed. 
Q12) The software and equipment made me feel. .. ? 
This was an open-ended, subjective question which could have been improved by substituting 
a 7pt Likert scale ranging from uncomfortable to comfortable and dividing the subject of the 
question into software and hardware. The question was included to assess the reactions 
experienced by participants using the equipment. The key findings were that: 
• Participants tended to respond with short or one-word answers. 
• Among younger participants in conditions 1 to 3 (photo renderings, preset animations 
and 3D 360 0 view), the majority responded with neutral to positive responses such as 
relaxed and comfortable. 
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• The majority of participants aged 66+ responded with neutral to negative responses 
such as 'sic/(, 'uncomfortable' and 'ignoranf. 
• Responses from participants in condition 4 ranged from 'fine' and 'indifferenf to 
'comfortable' and 'unique'. 
The results show that generally older users were less confident and comfortable with using the 
computer equipment than younger users this is probably due to the lack of experience and 
training given to older users. 
Q13) The software and equipment was ... ? 
This open-ended question allowed participants to respond as they wished. The question was 
included to further assess participants' reactions to the software and equipment. The key 
findings were that: 
• The majority of participants from condition 1 (photo renderings) responded with 
something like 'comfortable and easy to use', except for one older participant (F, 66+) 
who stated 'do not understand how to use'. This is due to older participants having 
problems using the equipment. 
• All participants from condition 2 (preset animations) responded positively with 
'satisfactory', 'comfortable' and 'good, The animations and user interface in condition 2 
(preset animations) were simple and easy to use. 
• Younger participants from condition 3 (3D 360 0 view) responded positively; however, 
older participants gave more negative responses such as 'complex to use', 'adequate' 
and 'hard to use'. 
• The majority of participants from condition 4 (PHANTOM® I Freeform system) responded 
with 'interesting', although participant 22 had problems with using the equipment. 
The results showed that users were generally comfortable with familiar computer technology 
such as used in conditions 1 (photo renderings) and 2 (preset animations). The user interface 
in condition 3 (3D 360 0 view) had a negative effect on older user's psychological discomfort 
this is probably due to the package being aimed specifically at engineers. The majority of 
participants thought that condition 4 (PHANTOM® I Freeform system) was interesting this 
response was probably due to the participants not having previously seen or used the 
PHANTOM®, providing participants with a novelty factor, possibly making the equipment seem 
more interesting. 
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This was an open ended question, allowing participants to respond as they wished. This 
question was included to assess whether participants could provide suggestions for 
improvements to the equipment they had used. Suggested improvements varied across the 
conditions, as participants had used different equipment. The key suggestions were: 
• Participants who used the equipment in condition 1 (photo renderings) suggested 'touch 
screens', 'wireless mice' and 'larger screens'. The wireless mouse and larger screen 
could have been easily achieved; the use of a touch screen would have been possible 
although harder to implement. 
• Participants from condition 2 (preset animations) wanted more and improved controls, 
such as 'zoom', 'views', 'play' and 'pause' as well as improved sound, allowing 
participants more control over their evaluation experience. 
• Participants from condition 3 (3D 360 0 view) wanted simpler mouse controls and menus, 
as they considered the user interface was too complex to use. Another suggestion 
participants made was the inclusion of a click control to move left, right, up or down. 
They also wanted a more detailed model. 
• Participants from condition 4 (PHANTOM® I Freeform system) had a greater number of 
suggestions and complaints when compared to the participants in other conditions. One 
of their suggestions, which would be easy to implement, would be a wrist support or a 
gel grip on the PHANTOM® stylus. Another idea was that participants should be able to 
activate the entire model to prevent them 'falling through' the model. They also proposed 
product animations so that participants could see the movement of the brush head 
(which would be harder to implement). In addition, they suggested a context view, which 
would be easy to implement because a background could be applied. Some further 
complaints were as follows: the PHANTOM® and Freeform Modeling Plus 8.2 was slow 
and difficult to get used to, the pen slipped off the model, they could only feel basic 
texture and not hold the virtual object, there was a slight delay between the mouse 
control and the screen movement and finally the zoom either did not work or was so 
slow that it seemed not to work. 
Q16) Did you at any time stop using the equipment, other than to answer questions? 
This was another closed question, with a choice of Yes, No, Don't know responses. The 
question was included to assess whether participants had stopped using the equipment and, if 
they did, what was the reason. The key findings were that: 
-135-
IJ::I: LOl;Ighhprough 
.Umverslty 
• All participants across all conditions responded with 'No', except for one participant in 
Condition 4 (PHANTOM® I Freeform system) who responded 'Yes - to reorient pen'. 
The results showed that the majority of participants had not stopped using the equipment, 
which reinforces the opinion that participants did not experience any major discomfort 
throughout the trials or they would have stopped using the equipment. 
Q17) How did you feel while using this equipment? 
This was another closed question, offering options of comfortable, uncomfortable and don't 
know. This was followed up by an open-ended question to establish why they might have 
found the equipment uncomfortable. The question was included to assess how comfortable 
participants felt while using the equipment. This question could have been improved by using 
a 5pt Likert scale as previously stated in question 12. The key findings were that: 
• 87.5% of participants in conditions 2 (preset animations) and 3 (3D 360 0 view) were 
'most comfortable' followed by 75% of condition 1 (photo renderings) and finally 67% of 
condition 4 (PHANTOM® I Freeform system). 
• The reasons why participants felt uncomfortable ranged from 'not used to computers' to 
'complex to use' (3D 360 0 view) and 'strange to use' (PHANTOM® I Freeform system). 
The similar result values across conditions 1 to 3 (photo renderings, preset animations and 3D 
360 0 view) could be due to the similar nature of the technologies and the fact that they were 
more familiar than those in the PHANTOM® I Freeform system. That participants using the 
PHANTOM® I Freeform system felt more uncomfortable could have been due to the unfamiliar 
nature of the technology they used. 
Q18) Would you feel comfortable using this equipment everyday? 
This was another closed question, with comfortable, uncomfortable and don't know responses 
available. The question was included to assess how comfortable the participants would have 
felt using the equipment everyday with prolonged exposure, such as in a work environment. 
This question could have been improved by using a 5pt Likert scale as previously stated in 
question 17. The key findings were that: 
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• Participants would most feel comfortable using the 3D 360 0 view regularly, followed by 
the preset animations, then the photo renderings and finally the PHANTOM® / Freeform 
system. 
• When compared with how participants had felt in the short term, the results showed a 
negative shift of +1 for the photo renderings and the preset animations, while the 3D 
360 0 view was unchanged. 
• The PHANTOM® / Freeform system showed the greatest negative change with a +3 shift 
in the reporting of participants not feeling comfortable with prolonged use. 
Q19) What advantages do you think this equipment brings over normal computer 
technology (monitor, mouse, keyboard), if any? 
This was an open ended question allowing participants to respond as they wished. This 
question was included to assess what advantages over normal computer equipment and 
software the equipment was perceived to have brought. The question could have been 
improved by replacing the format with a ranking or matrix having different attributes such as 
complexity and installation, while asking participants to compare the technology to 'normal' 
computer technology. Conditions 1 (photo renderings) and 2 (preset animations) used a high-
end laptop and a simple user interface created in Microsoft PowerPoint and was therefore 
taken as normal computer technology. The key findings were that: 
• One participant from condition 2 (preset animations) suggested that it was easier to view 
the product and to get a complete picture. 
• Participants in condition 3 (3D 3600 view), who also used a high-end laptop, but with a 
specialist program (Pro/ENGINEER: Wildfire 2), suggested that the advantages were the 
ability to view the model at all angles (4) and that it reacted quickly (2). 
• Participants in condition 4 (PHANTOM® / Freeform system) suggested that the 
advantages of the PHANTOM® 1.0 and Freeform Modeling Plus 8.2 were that they were 
able to feel textures (2), touch the product (2) and had the ability to use virtual situations 
(1 ). 
Q20) What disadvantages do you think this equipment brings over normal computer 
technology (monitor, mouse, keyboard), if any? 
This was another open ended question allowing participants to respond as they wished. This 
question was included to assess what perceived disadvantages the equipment brought when 
compared with normal computer equipment and software. The question could have been 
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improved by replacing it with a ranking or matrix similar to that suggested in question 19. The 
key findings were that: 
• Conditions 1 (photo renderings) and 2 (preset animations) used a high-end laptop and a 
simple user interface; one participant suggested that they wanted a 'larger screen size' 
(Iaptop screen size was 15.4", 12BO x BOO), rather than stating the disadvantage of 
'small screen size'. 
• Two participants in condition 3 (3D 360 0 view) suggested that the disadvantage of 
Pro/ENGINEER: Wildfire 2 was the complexity of the program (50-65, M/F). This 
suggests that participants would need to be trained or led through the evaluation 
process when using this technology. 
• Participants in condition 4 (PHANTOM® / Freeform system) suggested a range of 
disadvantages of the PHANTOM® 1.0 and Freeform Modeling Plus B.2 that were 'cost' 
(2), 'no animations or background' (1), 'steep learning curve' (2) and 'correct handling I 
use of arm' (1). This suggests that participants would need to be trained or led through 
the evaluation process when using this technology. 
• Another suggestion was that the PHANTOM® 1.0 was 'less comfortable than mouse', 
'same as using a pen every day', 'aching wrisf and 'slightly more difficult to navigate'. 
This suggests that some participants had problems in using the PHANTOM® 1.0 for 
navigation and raised concerns that it might cause some discomfort when compared 
with using a computer mouse. 
7.5.6 Data collected from the comparative semi structured interviews 
Appendix 7.21 presents the full transcripts taken from the semi-structured interviews 
undertaken by each participant. Before the interview, each participant was shown the actual 
product and allowed to play I test it for around five minutes. When they had finished, they 
were asked to compare the virtual product with the actual product. The key findings were that: 
• All participants preferred the actual product for evaluation, as they considered it was 
easier to evaluate compared with all conditions. One participant stated that they' ... need 
a real product for a true evaluation .. .'. 
• Participants also believed that the product could have been a shoe cleaner or a 
toothbrush, proving that it is difficult to put a virtual prototype into context without the 
appropriate view or background. 
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• Some participants thought that the product was as they expected, whereas other 
participants thought that a range of differences were apparent between virtual and actual 
product, which ranged from overall size, length, weight, texture, shape, speed and ease 
of assembly. Other differences included the colour, and the battery hatch removal being 
either easier or harder than expected. It was also thought that the hatch would be better 
as screw top and that the product was louder than expected. 
• Overall, fewer differences were experienced by the participants from condition 3. 
• Suggested advantages of equipment were that it would be cheaper than producing the 
actual product, it allows pre-testing and modifications before production and it is easy to 
create different versions and multiple designs, as well as to evaluate them. 
• The equipment also enables the designer to benefit from many more evaluations, which 
can be made quickly and, via the internet, worldwide. 
• It can be better looking than an actual pre-production product and can reach mass 
markets more quickly and effectively. 
• Suggested disadvantages of equipment were that participants' ... need to touch it, feel it 
and play with if, which is a natural instinct; 'cannot beat the real thing', 'perception is 
different to the actual product', 'problems with scale' and 'could tell that the product was 
computer generated although looks realistic'. 
• When there are no animations, participants cannot judge what movements a product 
might make or the presence of other features. 
• It is not obvious how to remove the hatch and batteries; some sort of more natural 
opening system or tag to activate the product animations would be beneficial. 
• Older participants had problems with operating the mouse or keyboard properly, 
reporting that 'the buttons are too small and hard to use', 'too complex' or 'not interested 
in using these technologies'. 
• The virtual product allows the user to make assumptions that the product could be better 
than it is in reality; ' ... doesn't look as good in real life, looks cheaper (which could be 
seen as an advantage) or misleading as it 'glamorises the producf. 
• The virtual product needs to remove any doubt from the evaluator. 
• Younger participants noted that conditions 3 (3D 360 0 view) and 4 (PHANTOM® I 
Freeform system) used more advanced CAD systems than they were normally exposed 
to. Therefore, the mouse and software were harder to use, demanding a steeper 
learning curve than expected. 
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Appendix 7.22 contains the full notes taken during each session. The researcher also made 
notes on the participants' reactions, difficulties and any other points that arose. Each 
participant was made aware of the fact that the researcher would make notes through 
observation (observer as participant), that might affect the results. The key findings were that: 
• Younger to middle-aged users were far more confident and comfortable in using the 
computer and had finer mouse control when compared with the older age groups. 
• This related to the regularity with which participants referred back to the model. 
• The majority (80%) of older users (66+) were very reluctant to use the computer; they 
were variously scared of it, not interested in it, barely changed views or rarely used the 
mouse. 
• Some reasons for this discomfort could be their use of glasses or hearing aids, learning 
difficulties or poor manual dexterity. 
• Other older participants responded that they had no interest in using computers or in 
learning how to use them. 
• It took longer for older participants to read and to consider the questions. 
• The majority of participants tended to settle on one perception based on previous 
experiences, or associated the logo with previous knowledge when making assumptions 
as to the product's function. 
• Some participants used the keyboard instead of the mouse, while some had problems 
when using the centre scroll-wheel button, or made assumptions about the mouse 
controls (condition 3, 3D 360 0 view). 
• Even confident users among the participants in condition 4 (PHANTOM® I Freeform 
system) needed to be shown how to use the PHANTOM®. For this reason the 
technology could not be used unaided. 
• When unfamiliar or uncomfortable with the technology, participants tended only to look 
over the model once. 
• Participants tended to adopt coping strategies when the software did not function as they 
expected. 
• Some participants tried to use the mouse and then the PHANTOM®, rather than using 
both at the same time; or they used either views, the number pad or hotkeys to view the 
model one step at a time instead of using the mouse, finally using PHANTOM® to feel 
texture. 
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• Some participants had problems with 3D spatial awareness, which resulted in them 
'falling through' or 'falling off the various parts. This could be due to their perception or 
manual dexterity, difficulties with the hardware and software or a combination of the 
above. 
• Older users tended not to notice slight delays between control inputs and the movement 
of the display, whereas younger users tended to notice any delay. This could be due to 
their increased sensitivity gained from their greater use of computers. Therefore, the 
virtual prototype must be viewable in real time. 
• Older users were scared, uncomfortable and lacked confidence even when using normal 
computer technology, which could be due to their lack of computer-related training. 
• An exception to this would be that of silver surfers; older users who are comfortable with 
using the internet and computer technology. 
• Training should be targeted at older users, with the aim of closing this technology 
generation gap, although training should also be given to all users of 'new' technologies 
before any product evaluation occurs. 
7.6 Bio-mechanical evaluation of condition 4 
There are many potential problems that may arise from the use of computer equipment; 
guidance concerning these is covered in the government regulations [The Health and Safety 
(Display Screen Equipment) Regulations 1992, No. 2792]. When problems occur, it is most 
serious when they go uncorrected as they can easily lead to reduced productivity and 
increased staff absence due to injury. Carpal tunnel syndrome is an annoying and common 
condition and it may affect one or both hands. People whose work requires repeated forceful 
movements with the wrist extended, such as those regularly using a screwdriver, computer 
mouse or keyboard, are particularly at risk. Prolonged exposure to vibrations (for example, by 
using certain tools) has also been claimed to cause carpal tunnel syndrome. The disorder is 
best treated by avoiding positions that overextend the wrist or put extra pressure on the 
median nerve. Wrist splints that hold the hand in a neutral position (especially at night) and 
measures such as adjusting the angle of a computer keyboard may help [Merck & Co, 1995]. 
One way of assessing the risk and possible exposure to these problems is to perform a simple 
bio-mechanical analysis of the equipment being used. Biomechanics is the scientific study of 
forces and the effects of those forces on and within the human body. It can be used to 
evaluate the stresses caused when using virtual prototyping technologies [Sellers, 2003]. This 
section contains a bio-mechanical of participants using the PHANTOM® 1.0 device. 
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The bio-mechanical analysis was achieved by taking a photograph of each participant's hand 
in a neutral position, which was then reduced to an outline and overlaid onto a base 
photograph. This exercise was then repeated in the most extreme positions possible while 
using the PHANTOM® 1.0 device. These images were then used to evaluate the basic bio-
mechanical joint angle ranges as illustrated in Figures 7.4 and 7.5. Research into the effects 
of aging (see Appendix 7.7) shows that it is generally accepted that the range of motion 
(ROM) of joints declines with age [Staff, 1983]. Therefore what it is possible for younger 
participants to achieve using the PHANTOM® 1.0 might be out of the scope of older users. 
Figure 7.4 - Bio-mechanical evaluation of hand-wrist position (top view) 
Figure 7.5 - Bio-mechanical evaluation of hand-wrist position (side view) 
From the top view (see Figure 7.4) the evaluation shows that in some positions the lower arm 
is pronated; with the wrist in states of adduction and abduction +/- 10° approximately. From 
the side view (see Figure 7.5) the evaluation shows that the elbow is in flexion ; with the lower 
arm pronated and the wrist in states ranging from minor extension (+10°) to major (+75°) 
approximately. 
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Graph 7.1 below shows a significant increase in carpal tunnel pressure with wrist postures 
greater than +50 0 which could lead to an increased risk of Carpal Tunnel Syndrome (CTS) 
[Keir et a/. , 2005]. 
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Graph 7.1 - Carpal tunnel pressure (mmHg) versus wrist extension-flexion angle 
(degrees) (asterisks indicate significant difference from the neutral wrist, and horizontal 
dashed lines represent threshold levels) [Keir et al., 2005] 
This bio-mechanical evaluation showed that the PHANTOM® haptic device can force the user 
to adopt wrist postures which could lead to increased carpal tunnel pressure, in turn leading to 
increased risk of Carpal Tunnel Syndrome. There are other contributing factors , such as 
duration and moment force that need to be taken into account in future evaluations. Through 
discussion at the 1st National Symposium of Freeform Users (see Appendix 7.15), various 
wrist positions were discussed with users. Although the most common position is where the 
wrist rests on the table , as if you who, me? were holding a pen in mid-air, other coping 
strategies were revealed such as: using the device with the wrist held sideways, extra 
padding , wrist rests , and a "contraption using two arcs that support the arm and wrist above 
the desk" as used by designers at Wedgwood [Anon] . 
7.7 An 'optimum' solution derived from results 
Based on the results of this study and current virtual prototyping technologies an 'optimum' 
solution for users was identified. This optimum solution would be a photo-realistic 360 0 
interactive model, which allows users to interact intuitively with it, such as a model or program 
that allows users to simulate switching-on the product and provides the appropriate 
subsequent actions and animations. 
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The program should also include a product scale, context views with 'key feature ' flags 
highlighting key points. However, virtual product animations would be able to force the user to 
view all aspects that the designer might wish to highlight, allowing for a more complete 
evaluation . Another possible feature would be to add a combination of on-screen controls for 
older users, allowing them to alter views, rotate or zoom, together with the keyboard controls , 
mouse controls or other 3D navigation devices (which would allow two handed operation) . 
Whatever the interface, it needs to be large and easy to use, which can be achieved through 
reference to usability principles [Nielsen , 1990]. Product evaluation questions need to be 
general , but with specific or scaled responses in order to produce a complete evaluation. 
Future product evaluation tools could include a reference database of questions, but offer the 
ability to amend the answers in direct relation to the product. Such questions should be 
presented to the participant at the same time as the model is shown on screen. Another 
feature could be to allow the evaluator to select design features such as a power option , from 
a selection such as rechargeable batteries, battery pack or normal batteries. These selections 
would then change the model in real time, allowing the evaluator to create an ideal product in 
real time by selecting different options presented by the designer similar to a consumer 
ordering a customised computer from Dell. 
7.8 Chapter summary 
During the product evaluations users made assumptions based on pervious knowledge and 
experiences when they did not have the required information to make an accurate judgement. 
From the results it is clear that it is important to include relevant views and animations where 
necessary to ensure a reliable virtual product evaluation . The virtual product (e.g. product 
scale and complexity) could also affect the performance of the equipment and what equipment 
would be used. For example smaller products could be represented on a normal computer 
screen whereas it is probably better to represent larger more complex products using HMD's 
or projection screens. Another aspect of the product evaluation that users had difficulties with 
were physical properties such as surface hardness and the removal of the battery access 
cover, this could be solved with the development of haptic devices (see Chapter 4). 
The results also showed that each condition had its own strengths and weaknesses as far as 
product evaluation is concerned , although overall , preset animations were the most accurate. 
Some participants had problems with the complex mouse controls and menu systems used in 
ProIENGINEER: Wildfire 2 (condition 3), suggesting the need for a simpler user interface. 
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Even confident participants using the PHANTOM® / Freeform system needed to be shown how 
to use the PHANTOM®. For this reason , the technology could not be used unaided. Due to the 
problems experienced with the PHANTOM® throughout the study it was decided to remove 
this technology from subsequent trials. Also it was clear that training should be targeted at 
older users, with the aim of closing this technology generation gap where necessary although 
training should also be given to all users of 'new' technologies before any product evaluation 
occurs. These results also showed that further research into product preference is needed; 
rather than evaluating a single product, would the consumer's product preference be the same 
for a virtual evaluation, when compared with an actual product evaluation (see Chapter 8). 
The results in this chapter and suggested improvements to the equipment were noted for 
inclusion in the consumer requirement tables in Chapter 9. 
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Chapter Eight: Study C - The reliability of using virtual prototyping evaluation 
technologies compare to using physical prototypes 
8.0 Introduction 
This chapter presents primary research evidence collected through an experimental trial and 
an accompanying set of questionnaires. Analysis and comparison of the results should 
provide evidence of the reliability of user evaluations of a range of products, when compared 
with the actual product. The study also assessed whether the product preferences of 
participants remained the same throughout the evaluations by comparing the virtual product 
preference with the actual product preference. The results that were collected using a set of 
questionnaires and observations, from thirty-six participants are reported in this chapter. 
8.1 Aim of the study 
The aim of the study was to investigate the reliability of using virtual prototyping technologies 
for product evaluation compared to using physical prototypes and the difference this would 
make to users' product preferences. This was achieved through a set of questionnaires that 
led the participants through a set of three product evaluations using a range of virtual 
prototyping technologies. Followed by the evaluation of the three actual products and included 
the participant's initial and final product preference of both the virtual and actual products. 
This study used the same sampling strategy as used in the study reported in Chapter 7 
[Robson , 2002]. The study followed on chronologically from the previous study, although there 
was a slight overlap between the two. This study was undertaken by a different set of 
participants. The participants were found through using friends of friends , family, work and 
university contacts. In addition , posters were placed around Loughborough University asking 
for participants to contact the author if they wanted to take part in the study. 
8.2 Experimental trial design 
The following conditions were selected , based on the results from the previous study. 
Specifically, the PHANTOM® haptic device was excluded due to difficulties identified in the 
previous chapter. 
• Condition 1: Product photo renderings vs. actual product: The product photo 
renderings were produced in Alias Image Studio 2.0 at full quality. Adobe Photoshop 11 
[Adobe, 2007] was then used for final cropping and additional context views before 
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transfer to Microsoft PowerPoint [Microsoft Corp. 2007] , which was used to create a 
simple user interface and included the following views: front, side, back, bottom, top, 
perspective (as illustrated in Figure 8.1) and a context view. 
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Figure 8.1 - Screen capture of condition 1 (Microsoft PowerPoint) 
• Condition 2: Product animations vs. actual product: From the results and 
experience gained in the previous study, it was decided to use Macromedia Flash MX, 
as illustrated in Figure 8.2. For the second condition to allow the inclusion of key product 
features (see Chapter 7) the product animations were produced in Pro/ENGINEER: 
Wildfire 2 which included views similar to Condition 1 (photo renderings) , rotations in 
both directions and zooms to highlight the key features such as colour-changing 
animations for computer mouse C. The models were then exported as movie files into 
Macromedia Flash MX [Adobe, 2007]. The sounds and user interface were then added 
in Flash MX (including play, pause and replay buttons as suggested by participants in 
Chapter 7) . 
Figure 8.2 - Screen capture of condition 2 (Macromedia Flash MX) 
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• Condition 3: Pro/ENGINEER: Wildfire 2 - 3D 360 0 view vs. actual product: 
The author imported and altered each mouse file in Pro/ENGINEER: Wildfire 2 as 
required (see Figure 8.3) . Each mouse CAD file was then loaded and the user interface 
set up by hiding planes and datum points as well as setting the orient mode (scroll back 
to zoom in , scroll forward to zoom out, scroll click and hold to orient model and move 
cursor to set zoom point). This was all done before each participant arrived for the trials . 
Condition 3 (3D 360 view) allowed the participants to use Pro/ENGINEER: Wildfire 2 
directly, having access to a full 3D 360 0 view of the product with a reference sheet taken 
from Chapter 7 (see Appendix 7.5). 
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Figure 8.3 - Screen capture of condition 3 (Pro/ENGINEER: Wildfire 2.0) 
Two males and two females per age group (18-34, 35-59 and 60+) were selected for each 
condition . No participant repeated the trials across conditions so as to reduce any learning 
effect bias. Table 8.1 gives the reference numbers for each participant according to gender, 
age and condition. The participants were each assigned a number to allow them to remain 
anonymous while permitting the author and the reader to track the results. 
Gender I Age Groups 
Condition 18-34 35-59 
•••••••• 1 ;=1. =Ph=O=tO=R=e=nd=e~=in=gs=======;I;lI;lI;lI;lI:lI;l~r:l1;l 1 22A 11 23A 1128A I 
Vs. Actual Product L:JL:JL:JLJL.:JL:JL:Jl:JL:J 
2. Animations I:JClI--=:lI.:.lI:":l[::-:lI:JEJI::lI.:Jr-:::lCl 
Vs. Actual Product ~~~~~~LJ 24A ~~~~ 
3. Pro/ENGINEER: Wildfire 2 - 30 ~~~120A 11 26A 11 27A 11 25A 11 29A 1136A Ig l32A 11 33A I 360· View vs. Actual Product L.::JLJL..:J ~ 
Table 8.1 - Participant reference numbers 
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Three designs of computer mouse were chosen to reflect the wide variety of makes and 
models available on the market. It was decided to use actual products as physical prototypes 
providing the best possible physical representation to compare to the virtual prototypes. The 
actual products were also chosen due to the time and cost restraints of producing physical 
prototypes. The three actual products are illustrated in Figure 8.4. 
Figure 8.4 - Photographs of the actual computer mice 
CAD models were created in Pro/ENGINEER Wildfire 2.0 for all three designs [Loughborough 
University, 2006] to allow the user to compare the virtual models with actual products as 
illustrated in Figure 8.5. 
A B c 
Figure 8.5 - Virtual representations of the computer mice 
Computer mouse B was a Logitech [2007J Optical Wireless Mouse priced at £24.99. A and C 
were similar in style and quality; computer mouse A was a corded Microsoft Optical 
Intellimouse [Microsoft Corp., 2007] priced at £14.99 and computer mouse C was a Belkin 
International Inc. [2007] Optical Mouse priced at £19.99, with added-value colour-changing 
feature. Each actual mouse had the manufacturer's name hidden from the participant so as 
not to bias the participants' decisions during the actual evaluations. The three products were 
selected so that one of them (computer mouse B) was clearly better in terms of build quality 
and features such as wireless connectivity when compared with the others. This was done to 
assess whether respondents would identify the clearly superior computer mouse as their 
preference and whether they could rank the second choice when compared with the third , 
which was a much closer decision in comparison . 
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This, in turn, should give an indication of whether or not the user's coarse ranking decision is 
different when comparing virtual products than when comparing actual products, and whether 
a finer ranking decision would be similarly affected - if at all. 
8.3 Pilot study 
The study was initially piloted with six peers (from the Department of Design and Technology, 
Loughborough University) who completed the questionnaires and reviewed the ease of 
understanding. Subsequently, only minor changes were made before beginning the research. 
8.4 Questions 
Every condition was undertaken by a different participant in order to eliminate learning effect 
bias. Initially, the participant read a 'participant information sheet' and was asked to sign a 
'participant consent form' (see Appendix 8.1). The first questionnaire consisted of several 
sections (see Appendix 8.2 and 8.3); the first of these covered background information 
relating to computer use and related demographics. Each participant was then shown the 
three virtual computer mice on a high-end laptop and was asked to select an initial preference 
as quickly as possible, rating them from 1st to 3rd• Participants were then shown by the author 
how to use the system mouse and on-screen controls (which varied by condition) and were 
allowed to 'play around' with the controls before moving on to the evaluations. The second 
section of the questionnaire was for the evaluation of the three virtual computer mice (A, B 
and C), which were counter-balanced. Finally, participants were asked for a final 'virtual 
product preference' rating from 1 st to 3rd and asked to give reasons for their choices, which 
were captured with a set of open-ended questions. 
The second questionnaire had the same layout but evaluated the actual products; participants 
being presented with all three computer mice simultaneously (all three were also plugged into 
the computer to give a true representation). They were then asked to record their initial 
preference rating (from 1 st to 3rd) as quickly as possible. The following section consisted of the 
evaluations of the three computer mice (A, B and C), which were counter-balanced and 
followed by a final preference rating (from 1st to 3rd). Participants were then asked to define 
their preferences, giving reasons for their choices as in the virtual product evaluations. During 
each trial by each participant, the author also noted any relevant observations that could have 
affected the results; these observations are recorded in Appendix 8.10 and significant 
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observations are discussed in section 8.5.4. The entire experimental trial process is shown in 
Figure 8.6. 
Pre-experimental trial setup 
(Setup of room and techno/oqy, check equipment, Ifqhtinq etc.) 
+ 
Participant information and consent form 
(What is qoinq to happen, participants riqhts and consent etc.) 
+ 
Participant background information 
(Demoqraphics, medical health etc.) 
+ 
Initial 'quick' virtual product preference 
(Quick preference ranked 1st to :rt) 
+ 
Familiarisation of virtual prototyping technology 
(Five to ten minutes to 'play' with the techno/oqy) 
+ 
Computer mouse evaluations 
(Computer mouse counterbalanced evaluations A. B, C) 
+ 
Final virtual product preference 
(Considered preference ranked 1st to :rt ) 
+ 
Actual products setup 
+ 
Initial actual product preference 
(Quick preference ranked 1st to :rt) 
... 
Familiarisation of actual products 
(Five to ten minutes to 'play' with the computer mice) 
... 
Computer mouse evaluations 
(Computer mouse counterbalanced evaluations A. B, C) 
... 
Final actual product preference 
(Considered preference ranked 1st to :rt) 
Figure 8.6 - Experimental trial process 
8.5 Results 
This section includes the results from thirty-six subjects who participated in the study; each 
question is explained and the results analysed. At the end of the chapter there is a summary 
of the results, the insights gained from each questionnaire and the observations. 
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The first questionnaire captured the demographics of the participants, their medical health and 
any other relevant information that could affect the study. The questionnaire began with basic 
coding questions to allow the author to record each trial appropriately. The questionnaire 
contained a mixture of open and closed questions. The full result tables have been included in 
Appendix 8.4. However the key findings were that: 
• The majority of participants have used a computer at home (92%) and/or at work (67%). 
• The majority of participants (78%) made daily use of a computer, with a few older 
participants using a computer weekly (F, 35-59) or monthly (60+). 
• 58% of participants wore prescription glasses; this is mainly among older participant age 
groups (35-59, 60+). If they needed their glasses to use the equipment they were asked 
to get them before continuing to the next section of the questionnaire. 
• All but two participants across all conditions responded that they were not colour blind; 
the remaining two responded with 'don't know'. 
• The large majority of participants (92%) were right-handed, with only three participants 
being left-handed and none ambidextrous. Left-handed participants tended either to use 
both hands to operate the equipment, or they used their right hand and not their left. 
• Participants were asked if they thought that using the computer mouse 'wrong-handedly' 
affected their performance. All participants responded with 'No' across all conditions. 
• 89% of participants used the left mouse button, 78% also used the right button and 58% 
employed the scroll wheel. 
• Only a few participants used the scroll wheel as a click button or the side buttons. 
• Participants overall ranking rated comfort as the most important attribute of a computer 
mouse, followed in rank order by ease of use, quality, size and form, then aesthetics, 
style, weight and finally colour. 
These results show that any factors that might affect the product evaluations have been taken 
into consideration. Any responses that may have had an affect on the results were cross-
referenced for any effect they might have on the participants' evaluations. The reason behind 
left handed participants using the equipment right handed could be due to adaptation, or the 
fact that the mouse is usually placed on the right-hand side. Question 10 established which 
controls participants tended to use when operating a computer mouse and whether 
participants were fully aware of all the controls available. This question could have been 
improved by asking participants to assess, on a Likert scale from frequently to infrequently, 
how often they used each control. The results also show that the majority of participants can 
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and do use the basic mouse controls, while very few actually use the other controls, this could 
be because these controls are currently not available on their current mouse (3 responses) or 
they forget that the side buttons were there (1 response). 
8.5.2 Participants' product preference 
The product preference question was included at three points throughout the questionnaires. 
The first time it assessed the initial impact, first impression and product preference (from 1st to 
3rd choice) of the virtual products. This is followed by the participants' product preference 
based on the virtual product, after an in-depth evaluation of each virtual computer mouse. 
Then followed the same questions for the actual products, which could be used to assess the 
participants' product preferences, to investigate whether they differed between comparing 
virtual and actual products. As well as to establish whether a participant's preferences 
changed once evaluation of the product, both virtual and actual, was carried out. Difference 
values were applied when comparing virtual product preferences with actual (both initial and 
final preferences), was either: 0 = no change in product view; 1 = difference of one position on 
the product position scale; 2 = difference of two on the product position scale. A full set of 
results are available in Appendices 8.5 to 8.7. However the key findings were that: 
• 50% of the participants' final virtual product preference remained the same when 
compared with their actual product preference in condition 1 (photo renderings), 67% in 
condition 3 (3D 360 0 view) and 75% in condition 2 (animations). 
• When comparing overall difference values, the lower the value the more similar was the 
comparison between virtual and actual product preference. 
• When comparing the initial virtual product preference difference values with the initial 
actual product preference, condition 3 (3D 360 0 view) was the most accurate (27). 
Followed by condition 1 (photo renderings) (30) and finally condition 2 (animations) (34). 
• When comparing the final product preference difference values (which are the most 
relevant comparison as participants have had a chance to evaluate both product sets) 
condition 3 (3D 360 0 view) (14) was the most accurate followed by condition 2 
(animations) (22) and finally condition 1 (photo renderings) (26). 
• Comfort and ease of use were two of the main reasons for a participant's preference. 
• The fact that the product was wireless was important, as was the aesthetics of the 
product; participants cited this as another main reason behind their product preference. 
• Other less important factors were the form, colour and added features (e.g. colour-
changing). 
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The results show that all conditions could produce valid data when comparing products, when 
comparing first choice virtual product preference with 1 st choice actual product preference, 
animations (closely followed by the 3D 360 0 view) was the most reliable. The differences 
between results when comparing actual to virtual product evaluations give an indication of the 
reliability of these product evaluation technologies. In the last set of three open-ended 
questions (025 to 027), participants were asked why a particular product was their first 
choice, their second choice and finally their third. Participants who did not respond have been 
removed; the actual responses have been collated into a table (see Appendix 8.8). These 
questions were included to assess whether participants could accurately evaluate the 
products and to allow participants to give the reasons behind their product preferences. These 
reasons ranged from the fact that the product was wireless or cabled to comfort and ease of 
use, as well as other reasons such size, quality and weight. The reasons given were then 
coded and compiled into Table 8.2. 
1st Choice 2nd Choice 3'd Choice 
Reasons 
------ -;=E~a~se~o~f~us~e=====; 12 10 -2 3 4 +1 1 +2 
Wireless (Cabled) 9 8 -1 (3) (4) (+1) 11 (4) (1) (-3) 
Aesthetics 8 14 +4 4 5 +1 11 4 8 +4 
Comfort 5 10 +5 +1 11 
Colour 4 4 0 3 -2 11 2 5 +3 
Form 4 3 -1 5 -4 11 4 +3 
Added (lack of) features 3 4 +1 (1) (1) (0) 11 
3 0 -3 +1 11 0 
I~A=d=a=Pt=ab=i1=ity====~;==~ 0 -1 11 -1 
Familiarity 
Size 2 0 ~ 11 3 2 ~ 
Buttons (layout & size) 4 3 -1 11 2 +1 1 
Better than x: DDD~r:lI----:lr--:lI:I~ ~(no=tbe=tter=than=X)=~:==-~ - - ~~~~~~
Quality 1 0 +1 2 +2 
Weight o +1 +1 
Material o +1 2 +1 
Battery powered o 
Where (x) = relates to re sons in brackets, - = reason not given in thIS choice 
Table 8.2 - Product preference (coded responses) 
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8.5.3 Data collected from the virtual vs. actual product evaluation questionnaires 
Participants (across all conditions) were shown by the author how to use the mouse and on-
screen controls. Participants were then allowed to 'play around' with the controls before 
moving on to the next section, the evaluations of the three computer mice (A, B and C). 
Coding for each question, unless otherwise stated, is as follows, (1 F) = 1 Female, (2M) = 2 
Males and so on, or (X) = Number of responses. For example, reading (1) means that one 
participant responded with "reading"; Vir. = Virtual product, Act. = Actual product. The 
questions that utilised a linear scale could have been improved by using a 5pt or 7pt Likert 
scale ranging instead (e.g. hard to use to easy to use). The full set of result tables have been 
included in Appendix 8.9 and Appendix 8.10 gives the collated results and averaged 
difference values from the virtual and actual product evaluations, by condition. However, the 
most important findings are presented in the following sections. 
Q1) Do you recognise this particular product? If so do you .. ? 
The question was included to evaluate whether participants had any previous experience with 
using the computer mice they evaluated. This closed tick-box question allowed the author to 
assess whether participants have previously owned, used or seen the computer mice, as this 
could have had an effect on their evaluations. Initially this question was included in both the 
virtual and actual product evaluations, but was subsequently removed from the actual product 
questionnaire. The key findings were that: 
• 50% of participants had not seen the computer mouse A and 72% of participants had not 
seen computer mouse Band C. 
• 11 % of participants responded that they owned mouse A; no participants owned either 
mouse B or C. 
• 14% of participants were currently using or had used (combined percentage) mouse A, 
B or C. 
This should be taken into consideration when considering the results as previous experience 
could have an effect on the results. This could be improved by using computer mice or some 
other product that is not currently on the market. 
Q2) How much would you pay for this product? 
This question was included to assess whether participants could accurately evaluate the 
product's cost, allowing the author to compare the virtual product evaluations with actual 
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product evaluations. This was an open-ended subjective question where participants were 
asked to state how much they would pay for the product. The average difference in cost 
values varied across products; the values were then averaged, giving an overall average 
value for each condition. The key findings were that: 
• The condition 1 (photo renderings) overall absolute average difference value was £3.68, 
condition 2 (animations) was £3.70 and condition 3 (3D 360 0 view) was £4.18. 
• When comparing the estimated values to the actual cost, the photo renderings were the 
most accurate when compared to the actual value of computer mouse A. 
• Condition 3 (3D 360 0 view) was the most accurate when compared with the actual value 
of computer mouse B. 
• The photo renderings were the most accurate when compared with the actual value of 
computer mouse C. 
The results show that all three conditions were fairly accurate when comparing virtual with 
actual product evaluations related to cost. Although overall condition 1 (photo renderings) was 
the most accurate. 
Q3) What level of quality do you think this product is made to? 
This question was included to evaluate whether participants could accurately judge the quality 
of the products. This question used a linear scale (0-6) on which participants were asked to 
mark where they considered the level of quality of the product to be. This linear scale 
represented the values from O=Low quality to 6=High quality. There was a measurement error 
margin of +/- 0.1. The difference values from each computer mouse evaluation were 
combined to give a final overall average by condition. The key findings were that: 
• Condition 2 (animations) was the most accurate when comparing the virtual product to 
the actual product evaluation with an overall difference value of 0.1, 
• Followed by condition 3 (3D 360 0 view) with a difference value of 0.3 
• Finally condition 1 (photo renderings) with a difference value of -0.6. 
Q4) In your opinion the look I style of the product is? 
The question was included to determine whether participants could accurately evaluate the 
style of the product. This question used a linear scale (0-6) which represented the values from 
O=Unstylish to 6=Stylish. Participants were asked to mark the line corresponding with their 
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view of the style of the product. The difference values from each computer mouse evaluation 
were combined to give a final overall average, by condition. The key findings were that: 
• Condition 2 (animations) was the most accurate when comparing virtual to actual, having 
an overall difference value of -0.46, 
• Followed closely by condition 3 (3D 360 0 view) with a difference value of 0.53, 
• Finally condition 1 (photo renderings) with a difference value of 0.8. 
QSa) Do you like the colour? 
This question was included in both the virtual and actual product evaluations as the previous 
studies show that between the actual and the virtual product, colour can differ. This was a 
closed tick-box question, where participants were asked to select one response from Yes, No 
and Don't mind. The key findings were that: 
• Participants perceived the products to be 'better in colour in the virtual product 
evaluations when compared with the actual product evaluations. 
• The largest difference between virtual and actual product evaluations was represented 
by the difference between the virtual and the actual computer mouse A, with a negative 
shift from 'Yes' to 'No' and a difference of 25 (69%). 
• Followed by computer mouse C with a positive shift of 16 (44%) and finally computer 
mouse B with a negative shift of 6 (17%). 
The reason why participants perceive the virtual products to be better in colour to the actual 
products could be due to the virtual models displaying the best image and lighting conditions 
possible, which differs from the actual product. 
QSb) In your own words, how would you describe the look of the product? 
This question was included to evaluate whether partiCipants could accurately describe the 
look of the products. This was the first open-ended question which could have been improved 
by including a range of statements and asking participants to select one from the range. 
However, the open-ended nature of this question allowed for the widest possible range of 
responses (- means no response given). The key finding was that: 
• Participants tended to use more generalised and visual descriptions in the virtual 
evaluations when compared with the actual product evaluations, where participants 
described the use, comfort and visual properties. 
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Q6) Would knowledge of the manufacturer of the product affect your decision to 
purchase the product? 
This question was included to evaluate whether the manufacturer of the computer mouse 
would influence their decision to purchase the product. This was another closed tick-box 
question, where participants were asked to select one response from Yes, No and Don't know. 
This question could have been improved by following it up with a further request, asking 
participants to rank the order of current manufacturers (if known). The key finding was that: 
• The majority of participants (72%) responded that knowledge of the manufacturer would 
not affect their decision. 
This could be due to the relatively low cost of a computer mouse, where branding was not 
quite as important as in other consumer electronic goods or that the participants are 
unaffected by branding. 
Q7 & 8) What percentage of rubber I plastic do you think the top surface is made from? 
This question was included to demonstrate whether participants could accurately evaluate the 
surface material used in the product. This was a set of two open questions, where participants 
were asked to judge the percentage of the top surface that was made from plastic and the 
percentage that was rubber or of rubberised texture. The key findings were that: 
• Condition 1 (photo renderings) was the most accurate when comparing virtual to actual, 
with an overall difference percentage value of rubber -5% and plastic 8%, 
• Followed closely by condition 3 (3D 360 0 view) with a difference percentage value of 
rubber 10% and plastic -10%, 
• Finally, condition 1 (photo renderings) showed a difference percentage value of rubber 
13% and plastic -16%. 
Q9) Do you think this product would be uncomfortable I comfortable to use? 
This question was included to show whether participants could accurately evaluate the likely 
comfort of the product in use. This question used a linear scale (0-6) which represented the 
values from O=Uncomfortable to 6=Comfortable. The difference values from each computer 
mouse evaluation were combined to give a final overall average difference, by condition. The 
key findings were that: 
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• Condition 3 (3~ 360 0 view) was the most accurate when comparing virtual to actual, with 
an overall difference value of 0.1, 
• Followed closely by condition 2 (animations) with a difference value of 0.2, 
• Finally condition 1 (photo renderings) with a difference value of 0.3. 
Q10) Do you think this product is un pleasurable I pleasurable to use? 
This question was included to find out whether participants could accurately evaluate the 
pleasurable use of the product. This question used a linear scale (0-6) which represented the 
values from O=Unpleasurable to 6=Pleasurable. The difference values from each computer 
mouse evaluation were combined to give a final overall average difference, by condition. The 
key findings were that: 
• Condition 3 (3~ 360 0 view) was the most accurate when comparing virtual to actual, with 
an overall difference value of 0, 
• Followed by conditions 2 (animations) and 1 (photo renderings) each with a difference 
value of -0.3. 
Q11) Do you think this product would be hard to use I easy to use, in general? 
This question was included to evaluate whether participants could accurately determine the 
perceived general ease of use of the product. This question used a linear scale (0-6) which 
represented the values from O=Hard to use to 6=Easy to use. The difference values from each 
computer mouse evaluation were combined to give a final overall average difference, by 
condition. The key findings were that: 
• Condition 1 (photo renderings) was the most accurate when comparing virtual to actual, 
with an overall difference value of 0, 
• Followed by condition 3 (3~ 360 0 view) with a difference value of 0.1, 
• Finally condition 2 (animations) with a difference value of -0.4. 
Q12) Do you think the main buttons would be hard to use I easy to use? 
This question was included to show whether participants could accurately evaluate the 
perceived ease of use of the product's main buttons. This question used a linear scale (0-6) 
which represented the values from O=Hard to use to 6=Easy to use. The difference values 
from each computer mouse evaluation were combined to give a final overall average 
difference, by condition. The key findings were that: 
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• Condition 3 (3D 360 0 view) was the most accurate when comparing virtual to actual, with 
an overall difference value of -0.1, 
• Followed by condition 1 (photo renderings) with a difference value of -0.1, 
• Finally condition 2 (animations) with a difference value of -0.4. 
Q13) Do you think the scroll wheel (if any) would be hard to use I easy to use? 
This question was included to demonstrate whether participants could accurately evaluate the 
ease of use of the product's scroll wheel. This question used a linear scale (0-6) which 
represented the values from O=Hard to use to 6=Easy to use. The difference values from each 
computer mouse evaluation were combined to give a final overall average difference, by 
condition. The key finding was that: 
• Condition 1 (photo renderings) was the most accurate when comparing virtual to actual, 
with an overall difference value of -0.2, 
• Followed by condition 2 (animations) with a difference value of -0.4, 
• Finally condition 3 (3D 360 0 view) with a difference value of -0.5. 
Q14) Do you think the side buttons (if any) would be hard to use I easy to use? 
This question was included to show whether participants could accurately evaluate the ease 
of use of the product's side buttons (if any). This question used a linear scale (0-6) which 
represented the values from O=Hard to use to 6=Easy to use. Computer mouse C did not 
have side buttons, so the question was removed or skipped for that evaluation. The difference 
values from each computer mouse evaluation were combined to give a final overall average 
difference, by condition. The key findings were that: 
• Condition 3 (3D 360 0 view) was the most accurate when comparing virtual to actual, with 
an overall difference value of -0.2, 
• Followed by condition 1 (photo renderings) with a difference value of 0.5, 
• Finally condition 2 (animations) with a difference value of -0.6. 
Q15) Do you think that the arrangement of the buttons is? 
This question was included to determine whether participants could accurately evaluate the 
complexity of the product's button layout, which could be linked to its general ease of use. 
This question used a linear scale (0-6) which represented the values from O=Poor / confusing 
layout to 6=Easy / understandable layout. This question could have been improved by asking 
participants to rate the different button layouts available for ease of use and comfort. 
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The difference values from each computer mouse evaluation were combined to give a final 
overall average difference, by condition. The key findings were that: 
• Conditions 2 (animations) and 3 (3D 360 0 view) were the most accurate when comparing 
virtual to actual, with an overall difference value of -0.2, 
• Followed by condition 1 (photo renderings) with a difference value of 0.7. 
Q16) How much would you like to own this product? 
This question was included to show whether participants would or would not like to own the 
product. It is quite likely that this question could appear in any consultancy's product 
evaluation. This question used a linear scale (0-6) which represented the values from 
O=Wouldn't like to own to 6=Like to own. The difference values from each computer mouse 
evaluation were combined to give a final overall average difference, by condition. The key 
findings were that: 
• Conditions 2 (animations) and 3 (3D 360 0 view) were the most accurate when comparing 
virtual to actual, with an overall difference value of 0.1, 
• Followed by condition 1 (photo renderings) with a difference value of- 0.4. 
Q17) How fast I slow do you think you would be to learn how to use this product? 
This question was included to determine whether participants could accurately evaluate the 
complexity of the product and how fast or slow they would be in learning to use it, which could 
also be linked to the general ease of use. This question used a linear scale (0-6) which 
represented the values from O=Slow to 6=Fast. The difference values from each computer 
mouse evaluation were combined to give a final overall average difference, by condition. The 
key findings were that: 
• Conditions 2 (animations) and 3 (3D 360 0 view) were the most accurate when 
comparing virtual to actual, with an overall difference value of -0.2, 
• Followed closely by condition 1 (photo renderings) with a difference value of -0.3. 
Q18) Do you dislike I like the surface texture I feel of the product? 
The question was included to judge whether participants could accurately evaluate the 
product's surface texture and whether they would like the feel of the product. This question 
used a linear scale (0-6) which represented the values from O=Dislike to 6=Like. This was a 
judgement in the virtual product evaluation. The difference values from each computer mouse 
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evaluation were combined to give a final overall average difference, by condition. The key 
findings were that: 
• Condition 2 (animations) was the most accurate when comparing virtual to actual, with 
an overall difference value of 0.4, 
• Followed closely by conditions 1 (photo renderings) and 3 (3~ 360 0 view) with a 
difference value of +/- 0.6. 
Q19) How enVironmentally friendly do you perceive this product to be? 
This question was included to evaluate whether participants could accurately assess whether 
the products were environmentally friendly. This question used a linear scale (0-6) which 
represented the values from 0= environmentally unfriendly to 6=environmentally friendly. 
The difference values from each computer mouse evaluation were combined to give a final 
overall average difference, by condition. The key findings were that: 
• Conditions 1 (photo renderings) and 3 (3~ 3600 view) were the most accurate when 
comparing virtual to actual, with an overall difference value of -0.1, 
• Followed closely by condition 2 (animations) with a difference value of 0.4. 
Q20) Is it obvious that the product is switched on I connected? 
This question was included to find out whether participants could accurately evaluate whether 
the product was switched on / connected, by condition, when comparing virtual with actual 
product evaluations. This was a closed tick-box question where participants were asked to 
select one response from Yes, No and Don't know. The key findings were that: 
• Condition 2 (animations) was the most accurate when comparing virtual to actual, with 
only 8% of participants showing a change, 
• This was followed by condition 3 (3~ 360 0 view) with a 58% change, 
• Finally condition 1 (photo renderings) showed the greatest change in view across all the 
computer mouse evaluations with 67% of participants changing their view and was, 
therefore, the least accurate. 
Q21) What other features I functions would you like on the product (if any)? 
This was the first in the final set of open-ended questions where participants were asked what 
other additional features and functions they would like on the product. This question was 
included to see whether participants could accurately evaluate the products and suggest 
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improvements to them. Participants that did not respond have been removed; responses have 
been collated into Appendix 8.9u across all conditions (- means no response by participant). 
The key findings were that: 
• Participants tended only to use short or one-word answers in their responses. 
• The evaluations of actual products produced more suggestions for improvement, with 
some views differing between the virtual and the actual product evaluations. 
• Suggestions were simple, current developments in technology and ranged from wireless 
connection to side buttons and power-on indicators. 
Q22) What features I functions don't you like on the product (if any)? 
This was the second in the final set of open-ended questions where participants were asked 
what features and functions they didn't like on the product. This question was included to 
ascertain whether participants could accurately evaluate the products and suggest features 
that they didn't like. Participants who did not respond have been removed; responses have 
been collated into Appendix 8.9v, across all conditions. The key findings were that: 
• The majority of participants used only short or one-word answers, suggesting removal of 
the cord, changing the buttons, colour and shape. 
From the collated difference values and the responses given the most reliable condition 
overall was condition 3 (3~ 360 0 view), this was followed by condition 2 (animations) and 
finally condition 1 (photo renderings). From the responses in condition 3 (3~ 360 0 view) the 
physical features such as surface texture and ease of use showed the biggest difference 
between the virtual and actual products. This demonstrates that in some cases participants 
can make a judgement on physical aspects but a physical prototype is still required to 
accurately assess physical features. Other factors such as colour and pleasure of use showed 
less variation between the virtual and actual product evaluations, demonstrating that these 
factors are represented accurately virtually. 
8.5.4 Data collected from observational studies 
The results in this section are from observations made as the 'Participant as Observer' during 
the study. Key issues and notes that were raised from each condition are included in 
Appendix 8.11. The key observations were: 
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• Virtual: All participants tended to make a quick first decision followed by a minimal 
examination of the product at the beginning of each evaluation, but took their time when 
considering answers to the questions. Participants tended to refer back to the screen but 
not operate the controls again once they had started their evaluations. Some participants 
also made suggestions such as 'don't like that, there is no definite split with the mouse 
buttons' (computer mouse C), 'less complex and more reliable' and 'mouse a looks 
heavy'. One older participant had poor control of the mouse, only using main buttons; 
the subject was nervous when using unfamiliar technology and thought the controls were 
'too complex'. 
• Actual: Participants studied each mouse thoroughly at the beginning, more frequently 
referring back during the trial when compared with the virtual evaluations. Some 
participants made errors during the virtual evaluations such as 'didn't realise mouse A 
had side buttons', 'thought mouse B had a metal surface' until they undertook the actual 
evaluation. Some participants also made further comments such as 'mouse A is old 
fashioned', 'close decision between C and a', 'mouse C grows on you' and 'mouse A is 
easier than a as it is right-handed' and 'mouse C is the simple, cheap option'. 
Condition 2: Product animations vs. actual product: 
• Virtual: All younger participants had no problems with the controls. All participants 
tended to watch the animations at the beginning of each evaluation but took their time 
when considering answers to the questions. Participants tended to refer back to the 
screen, but not operate the controls again once they had started their evaluations. 
Two partiCipants mimed the use of the mice (possibly as an aid to perception). Some 
participants also made suggestions or assumptions such as 'thought A was awfuf or 
'thought mouse A was a MAC mouse', 'like the colour and large button area - computer 
mouse C' and 'some of the questions cannot be answered from renderings, such as 
quality, surface feel'. Older participants tended to take longer over questions and to let 
the animation run through again during the evaluation. One older participant used the 
term touchpad as opposed to mouse, but that person was comfortable with using 
computers and stated that slightly older users (65+) would find it more difficult to use 
while for those over 80 it would be extremely hard. One older participant had poor 
control of the mouse, only using main buttons. Nervous when using unfamiliar 
technology, the participant thought the controls were 'too complex'. 
• Actual: Participants studied each mouse thoroughly at the beginning with a more 
frequent referral back during the trial when compared with the virtual evaluations, 
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although older participants tended to test each mouse briefly and then refer back when 
needed. Some participants also made further comments such as 'don't like corded mice', 
'mouse C -liked the 'pretty colours' thought it was peacefuf and '8 - feels righf and 
"thought C - 'didn't feel right". They thought A was 'cheap and cheerfuf. One comment 
shows that colour could affect participants' decisions, as computer mouse A looks older 
than on screen, shows that, white makes the mouse look crisp, the participant compared 
this with the i-pod. No other errors occurred when comparing actual and virtual products 
in this condition. 
Condition 3: Pro/ENGINEER: Wildfire 2 - 3D 3600 view vs. actual product: 
• Virtual: No younger participants encountered any problems; all were confident when 
using the controls and went through the evaluations quickly. The majority of participants 
tended initially to look at the models in depth, referring back when necessary throughout 
the evaluations. Older participants tended to spend longer over the questions. Some 
experienced minor dexterity problems when using the mouse (especially when holding 
the scroll wheel down) or were confused about the controls. One older participant 
commented that they 'quite like operation, easy to use, very free'. 
• Actual: Younger participants made a quick initial evaluation of each mouse and referred 
back to them throughout the evaluation when required. The participants were more 
confident about their evaluation of the actual product than that of the virtual product. One 
participant made a further comment on computer mouse B - 'don't like the shape', and 
on computer mouse C - 'good shape, needs side buttons, functions aren't as good as 8'. 
8.6 Chapter summary 
This chapter shows that when comparing virtual and actual product preference, the animations 
were the most reliable of the three closely followed by the 3D 360 0 view. This could be due to 
the predefined nature of the product animations showing participants all the information 
defined by the designer whereas with the 3D 3600 view the information has to be actively 
sought after and is led by the evaluator. Each virtual prototyping technology has its relative 
strengths and weaknesses, some of which have been identified in this chapter. There is, for 
instance, the need for animations to represent additional features or moving parts, allowing for 
a more accurate and reliable evaluation. However, the author believes that the strengths of 
Pro/ENIGNEER, such as the animations and 360 0 view, are traded off against the complexity 
of the user interface. Virtual prototypes are excellent at visually representing a product, 
especially in Pro/ENGINEER (overall the most reliable condition). 
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Sound and other features to increase the user's immersion and interaction with the virtual 
product could be added or developed in these CAD packages to further improve the virtual 
interaction with the user and increase the reliability of the product representation. The success 
of these technologies is dependant on the hardware, software and the designer producing the 
virtual representations for evaluation. The reliability of these technologies has been discussed 
in this chapter and the user requirements in previous chapters. However, the designers' 
requirements for the next generation of virtual prototyping technologies still needed to be 
determined. This was the aim of the research presented in Chapter 9. 
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This chapter begins by presenting the results of a study which provided documented evidence 
of the current and future requirements of designers for the next generation virtual prototyping 
tool. Analysis of the results will enable the creation of a set of key design requirements for the 
virtual prototyping software of the future. The results from the 105 responses from the main 
questionnaire are reported in this chapter. The chapter then goes on to translate these results 
into a set of recommendations which were then used to produce a series of designer and 
consumer scenarios for further evaluation. These scenarios were then evaluated using a 
second, online questionnaire. The results from the 62 responses to this questionnaire are also 
reported in this chapter. 
9.1 Aim of the study 
The aim of the study was to investigate what designers would want from the next generation 
of virtual prototyping technologies. This study used the same sampling strategy as used in the 
study reported in Chapter 6 [Robson, 2002] and followed on chronologically from the previous 
studies. The first questionnaire was designed to elicit a list of designers' requirements for the 
next generation of virtual prototyping technologies. The second questionnaire was aimed at 
recording designers' assessments of a set of proposed product evaluation scenarios. 
9.2 Pilot study 
The pilot for the 'designer requirements questionnaire' was initially tested with ten respondents 
(from the Department of Design and Technology, Loughborough University), any appropriate 
corrections being made before it was sent to external designers. The initial questionnaire was 
created as an email attachment sent to one hundred design consultancies, forty overseas 
design consultancies and twenty-five lecturers or post-graduate researchers at Loughborough 
University. There were seventeen email delivery failures and one negative email response 
(stating that they were too busy). With only four positive responses from lecturers and post 
graduates, this gave a response rate of around 3% (see Appendix 9.2). Due to the very poor 
response rate it was decided to re-draft the questionnaire into a more concise format with 
closed questions (see Appendix 9.0), which was initially trialled with a further ten respondents. 
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The revised questionnaire led the respondents through a list of requirements divided into three 
sections (hardware and input devices, user interface and information gathering from 
consumer). Respondents were asked to rate each feature for importance and desirability 
(these features had been identified through research in previous chapters). The revised 
questionnaire was posted to five hundred alumni of the Department of Design and Technology 
at Loughborough University and emailed to a further five hundred separate design 
consultancies. The design consultancies were sourced through the design directory European 
Design Innovations Ltd [2005] and the Reed Business Information [2007] and Applegate 
Directory Limited [2007] online web directories. The same questionnaire was also created 
electronically at Surveyshare [2007] (see Appendix 9.1) giving participants the opportunity to 
respond easily. A digital covering letter and the link to the survey were also posted on CAD 
and design forums such as CAD Pro E [2007]; Artifice, Inc. [2007] and CADchat. com [2007]. It 
was also posted on related Google Groups [2007] and JISCmail [2007], resulting in a total of 
one hundred responses collated online and five received by post. The latter were then 
transcribed online by the author, giving a much higher response rate of 10.5%. It is believed 
that the response rate was higher due to the use of simple questions, rating scales with few 
open-ended questions and the hosting of the questionnaire on line. The entire study process is 
shown in Figure 9.1. 
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Pilot designer requirements questionnaire 
.... 
Designer requirements questionnaire 
(f)R.<:innRr!'I rank fRRtllrP.!: fnr imnnrlRnr.R in nnlinR ntIR.<:tinnnRirP.) 
.... 
Analysis of all results and chapter summaries 
.. 
Creation of core list of designer and consumer requirements ] (!:;nllfr.R irlRntifiRrl .<:tRtRmRnt.<: trRn.<:IRtRrl .<:tRtRmRnt.<: rP.nllirP.mRnt r.nrlR) 
.... 
Combined designer and consumer requirement codes I (RRnt JirP.mRnt mrlR.<: .<:nrtRrl intn nrimRN Rnrl !':P.r.nnrlRN IRVAI Rttrihl RR.<: rlR.c:innRr / mn.<:1 JmRr Rnrl hRrrlwRrP. / .<:nf/wRm i.<:.<:1 JR.<:) 
.. 
Virtual prototyping technologies identified and functional groups and sub-groups assigned 
.... 
Identification of relevant requirement codes for each functional group 
(RRntJimmRnt r.nrlR.<: R.<:.<:innRrl tn RRr.h nmlln tn fnrm virlllRI nmtntvninn tRr.hnnlnniR.<: RVRIIIRtinn mRtrir.P..<:) 
.... 
Each requirement code was assigned a relative importance weighting 
.. 
Each technology was assessed against each requirement ] (Stmnn nn.<:itivR to .<:tmnn nRnRtivR or nn RffRr.t) 
.... 
Overall scores and rankings assigned for each technology 
(Rv fllnr.tinnRI nmlln Rnrl.<:lIh-nmIIn.<:) 
.. 
Production of virtual prototyping scenarios 
fWith iffll.<:tratinn.<: Rnrl rlR.<:r.rintinn.<: rlR.<:innRr Rnrl r.nn.<:lImRr viRwnnint.<:) 
.... 
Evaluation of virtual prototyping scenarios 
Innlinl3 nl'D~t;l\nnJ:l;ro' 
.... 
Analysis of results and identification of combined scenarios 
Figure 9.1 - Study process 
9.4 Results 
This section includes the results from the questionnaire (n=105). The response ratios included 
in the tables in this section have been rounded to the nearest integer. All the results tables 
have been included in the appendices and references given relate to the tables in Appendix 
9.3. Any responses that were left blank by the respondents have been removed. 
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Initial questions were included that allowed the author to assess the background knowledge 
and experience that the respondents may have had. However the key findings were that: 
• The majority of respondents were male (79%) and 18-34 years old (65%), with 34% of 
respondents being 35-59 and only 1 % of respondents being 60+. 
• Respondents were most commonly 'graduates employed in industry' (46%), followed by 
'undergraduates' (13%) and 'non-graduates employed in industry' (8%). 
• Respondents were in 'education & research bodies' (24%) and 'design consultancies' 
(24%), followed by 'engineering companies' (14%) and 'consumer electronic design and 
manufacture companies' (10%). 
• The respondents' positions were wide ranging, from 'owner to 'CAD designer. 
• The most frequently reported positions were: 'Managing Director (16%), 'Creative / 
Industrial/Designer (10%), 'Studenf (9%) followed by 'Research Fellow / PhD Student / 
Researcher / Concept / Project / CAD Manager (8%). 
• Respondents currently use Solidworks and AutoCAD (39%) followed by 3D Studio MAX 
(26%), Rhino (24%), Pro/ENGINEER (17%) and Autodesk Inventor (10%). 
• The majority of respondents would prefer to use Solidworks (40%), 3D Studio MAX 
(30%), Pro/ENGINEER (24%) followed by AutoCAD and Rhino (20%). 
The results show that some respondents were not completely satisfied with their current 
software packages, which included AutoCAD, Autodesk Inventor and Rhinoceros. These 
respondents would prefer to use Pro/ENGINEER, Alias PLE and CATIA. However, the 
majority of respondents using Solidworks, Ideas and UGS Solidedge seemed to be satisfied 
with their current package when compared with any alternative. 
The next section of the questionnaire asked respondents to rank each feature from 1 to 5 or 
N/A (where 1 = Least Important, 5 = Most Important and N/A = Not Applicable). This question 
was included to allow the author to rank the features that designers would want in an ideal 3D 
visualisation & evaluation tool. The full set of responses are included in Appendix 9.3i to 9.3k 
and a summary in Appendix 9.4, with the percentages rounded to the nearest integer. 
However the top three virtual prototyping features for each section have been included in 
Table 9.1. 
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Features 
Hardware & general features 
Ability to use 'normal' computers as opposed to high end workstations. 
Ability to assign different functions to input devices. 
Ability to assign keyboard shortcut keys. 
Information gathering features 
Ability to export for rapid prototyping e.g. 3D printing, .stl etc. 
Tutorials and wizards to help evaluator learn the package. 
Ability to export 1 log various design changes and variations. 
User interface features 
360· 3D view of model on-screen - users can view model at any angle. 
No delay between moving the mouse and movement on the display. 
IJ:J: Lo~ghb.orough 
.Umverslty 
% of response (in rank) 
48% (5) 
39% (5) 
77% (5) 
Ability to import 1 export wide range of CAD formats e.g. stl, 3ds etc 74% (5) 
Table 9.1 - Top three designer requirements of features by ranked by importance 
The key requirements ranked top by deSigners were the ability to use the virtual prototyping 
technologies on 'normal' computer technology; this should become ever more viable as 
'normal' computer technology continues to develop. The ability to export for rapid prototyping, 
this feature is key for physical prototyping in any design process. The key feature for the user 
interface is the use of a 360 0 3D view of the model allowing users to visualise the model from 
any angle and is a common feature in current virtual prototyping software packages. 
The final section of the questionnaire consisted of three open ended questions. The first 
question was designed to allow participants to suggest further features they would want in a 
virtual prototyping product evaluation tool. The full set of responses have been included in 
Appendix 9.31. The responses given were specific suggestions for a wide variety of 
improvements and features ranging from 'better teaching tools' (Respondent 31) to the 'ability 
to add packaging to create a virtual experience from purchase to use' (Respondent 90). 
The second question was designed to allow participants to suggest features that they would 
not want in such an evaluation tool. The full set of responses have been included in Appendix 
9.3m. The responses given were specific suggestions for what they would not want ranging 
from the 'computer implementing changes automatically' (Respondents 3, 20 and 85) to 
complex interfaces (Respondents 44, 90). The results from the questionnaire and the results 
from previous chapters were all considered before moving to the next stage of this chapter. 
The results provided a ranked set of requirements based on what designers would want for 
the next generation of virtual prototyping technologies. 
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These requirements were used in the following section to develop a set of virtual prototyping 
scenarios and should also be considered by industry when developing the next generation of 
virtual prototyping technologies. The following section demonstrates one way in which the 
research results can be translated into a set of recommendations for the next generation of 
virtual prototyping technologies. 
9.5 User matrices & scenario validation 
This section of work involved the author, using his experience as both an industrial designer 
and an ergonomist, completing a set of matrices similar to the house of quality or Quality 
Function Deployment Matrices (QFO) [Hauser & Clausing, 1988], an illustration of which is 
shown in Table 9.2 in an evaluative response to the research results (see Chapters 6 to 9). 
The summaries of the results from each study were analysed and combined to form a core list 
of designer and consumer requirements (see Appendix 9.5 and 9.6). It then builds upon the 
identified requirements of designers and consumers, linking them together with the emerging 
technologies that will meet these needs. 
Designer I Consumer Attributes 
Secondary Level 
User Interface 
functions 
(evaluation) 
Impaired use 
Totals 
Tertiary Level 
Capture responses 
Capture sketch feedback 
Interactive evaluation method 
Visually impaired use 
Aurally impaired use 
Physically impaired use 
Overall score: 2 
Overall ranking: 1st 1st 
Table 9.2 - An example QFD matrix used in this study 
The first stage was to list the relevant current and future product evaluation technologies. All 
of these technologies have been identified and discussed previously in this thesis. Below is 
the combined list of key current and future virtual product evaluation technologies, divided into 
three functional groups with identified sub-groups. The first group comprises user interaction 
devices ranging from the commonly used graphics tablet providing low level interaction, to 
tactile displays currently in development. 
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The second group comprises 'displays' ranging from audio displays to 360 0 holographic 
displays. The third and final group comprises the generic software classifications ranging from 
online collaborative evaluation tools to artificial intelligence systems. 
Group A: User interaction devices 
• Sub-group A 1: Graphics tablets 
• Sub-group A1: Touch screen 
• Sub-group A 1: 3D navigation devices 
• Sub-group A 1: Wireless 3D navigation devices 
• Sub-group A2: SensAble's PHANTOM® haptic device 
• Sub-group A2: Immersion's CyberTouchTM: tactile feedback system 
• Sub-group A2: Immersion's CyberGraspTM: force feedback system 
• Sub-group A2: Tactile displays 
• Sub-group A3: 3D scanning devices 
Group B: Displays 
• Sub-group 81: Normal audio 
• Sub-group 81: 3D audio 
• Sub-group 82: Large desktop monitor 
• Sub-group 82: Projection screen 
• Sub-group 82: Head mounted displays (HMD) 
• Sub-group 82: Stereoscopic displays (with glasses) 
• Sub-group 82: Auto-stereoscopic displays 
• Sub-group 82: 360 0 holographic displays 
Group C: Generic software classifications 
• Online virtual sales assistant software (e.g. EON Sales Assistant) 
• 3D content sharing & publishing software (e.g. Adobe Acrobat 3D) 
• 3D renderer & freeform modellers (e.g. 3D Studio Max) 
• 3D sculpting I Voxel modellers (e.g. Freeform Modelling Plus 8.2) 
• Engineering based modellers (e.g. Pro ENGINEER: Wildfire 2) 
• Ergonomic analysis software (e.g. JACK) 
• Product lifecycle management systems (e.g. CATIA) 
• Engineering analysis systems (e.g. CFD I FEA) 
• Artificial intelligence (AI) design systems 
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The next stage involved the author combining the results summaries from the previous studies 
(see Chapter 6 through to 9) in relation to the designers' and consumers' attributes for virtual 
product evaluation technologies. From the condensed statements taken from the summaries, 
a translated list of requirements was produced and requirement codes were assigned (see 
Appendix 9.7). A table was created for each set of requirements (designer and consumer), to 
be used in the virtual prototyping evaluation matrices (see Appendices 9.8 and 9.10). Once 
the designer and consumer attributes were identified and analysed, the requirements were 
sorted, grouped into bundles and combined into a complete attribute list; any duplicated 
attributes were removed. The weightings of relative importance were assigned by the author 
based on experience, background research; results from previous studies and the frequency 
of their occurrence in the attribute tables (see Appendix 9.7). These values are included in the 
matrices next to each of the designer and consumer attributes as percentage values totalling 
100%. It was decided to consider the relative importance weighting separately for each group 
of technologies, due to the major differences between each of the function groups. 
9.5.1 Virtual prototyping technologies evaluation matrices 
A set of matrices based on the QFD method was used to evaluate each of the technologies 
that were identified earlier in this thesis. The matrices were collected into functional groups as 
identified earlier in this chapter. Each technology was then ranked against each attribute as 
either: Strong Positive (~); Weak Positive (+); Weak Negative (-); Strong Negative (-) or No 
Effect (0). Each of these rankings was then scored as follows: Strong Positive (+2); Weak 
Positive (+1); Weak Negative (-1); Strong Negative (-2) or No Effect (0), to give an overall total 
score to be used to rank the technologies [Brace, 2004]. The technologies were divided into 
separate function groups, due to the varying requirements of each group; any attributes that 
were irrelevant were removed to condense the tables. Each technology in each of these 
groups had its relative strengths and weaknesses as identified in Appendix 9.8 to 9.10. An 
overall score and rank of each virtual prototyping technology were assigned to each group. 
These overall rankings were divided into functional sub-groups; the results are shown in Table 
9.3. 
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Functional Groups 
Group A: User interaction devices (see Appendix 9.8) 
Sub-group A 1 Graphics tablets 
11 
Sub-group A 1 Touch screen 11 
Sub-group A 1 Wireless 3D navigation devices 11 
Sub-group A 1 3D navigation devices 11 
Sub-group A2 1 Immersion's CyberTouchTM: tactile feedback system 1 
Sub-group A2 11 Tactile displays 11 
Sub-group A2 1 Immersion's CyberGraspTM: force feedback system 1 
1 Sub-group A2 11 SensAble's PHANTOM® haptic device 11 
I I Sub-group A3 1130 scanning devices 11 
Group B: Displays (see Appendix 9.9) 
Sub-group B1 11 Normal audio 11 
Sub-group B1 1130 audio 11 
Sub-group B2 Large desktop monitor 11 
Sub-group B2 360· holographic displays 11 
Sub-group B2 Auto-stereoscopic displays 11 
Sub-group B2 Projection screen 11 I Sub-group B2 I Head mounted displays (HMD) 11 
1 Sub-group B2 1 Stereoscopic displays (with glasses) 1 
Group C: Generic software classifications (see Appendix 9.10) 
Artificial intelligence (AI) design systems 
3D content sharing & publishing software (e.g. Adobe Acrobat 3D) 
Online virtual sales assistant software (e.g. EON Sales Assistant) 
Product lifecycle management systems (e.g. CATIA) 
Engineering based modellers (e.g. Pro ENGINEER: Wildfire 2) 
1 Ergonomic analysis software (e.g. JACK) 
3D renderer & freeform modellers (e.g. 3D Studio Max) 
3D sculpting I Voxel modellers (e.g. Freeform Modelling Plus 8.2) 
Engineering analysis systems (e.g. CFD I FEA) 
Overall Score 
47 
44 
37 
30 
8 
4 
-3 
-17 
-5 
39 
38 
23 
23 
22 
21 
4 
-2 
18 
6 
-21 
-26 
-31 
-33 
-51 
-64 
-70 
~ Loughborough 
• University 
Rank 
151 
2nd 
3rd 
4th 
11 1
51 
11 2
nd 
11 3
rd 
11 
41h 
11 1st 
11 1
st 
11 2
nd 
1st 
1st 
2nd 
3rt! 
4th 
5th 
1st 
2nd 
3rt! 
4th 
5th 
6th 
ih 
8th 
9th 
Table 9.3 - Overall scores and rankings by technological function 
Each generic classification of software had its relative strengths and weaknesses as identified 
in Appendix 9.6. 
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Due to the varying functions of each of these tools direct comparisons were difficult to 
sUbstantiate. However, based on the relative strengths and weaknesses and the overall 
scores, rankings were assigned to each software classification. The results were derived from 
the experience of the author, based on research presented previously in this thesis. No single 
piece of virtual prototyping hardware or software package can completely cover all the 
required functions effectively. Therefore, when choosing a virtual prototyping technology for 
product evaluation it is important to consider the task it is to be used for, the product is needs 
to represent and the other technologies it will be used in conjunction with. There exists the 
possibility of using a variety of technologies to achieve the full range of design tools required, 
but from the results it is also clear that current technologies are not entirely sufficient for virtual 
prototyping evaluation. 
9.5.2 Combined technologies scenarios 
When choosing a technology to be used by designers to assist product evaluation, as 
discussed in Chapter 3, it is vital that consumers are involved as a part of any product 
development process. It was necessary to look at the scenarios from both the designer's and 
consumer's viewpoint due to the varying requirements of both sets of users. It was decided to 
separate the two sets of descriptions for each combination of technologies for validation and 
evaluation by potential end-users. In order to meet as many consumer and designer attributes 
as possible, some of these emergent technologies were further combined and even 'blue sky' 
concepts were considered, although these combinations had to appear convincing as a 
system. Other related research including Bahar Sener's thesis [2004] outcomes were also 
considered. 
It was also acknowledged that not all attributes could be met with every system and that there 
must be compromises between the requirements of consumer and designer. These 
technologies were grouped by function using the matrices in Appendix 9.8 to 9.10 and were 
ranked in order of speculation (from currently usable systems, to improvements on current 
systems, through to 'blue sky' systems). 
The ten identified scenarios had pictorial representations and a short description (five 
scenarios from the designer's viewpoint and five from the consumer's viewpoint, as illustrated 
in Figures 9.2 and 9.11. The five designer scenarios and five consumer scenarios that were 
produced from the evaluation matrices are as described below in order of speculation: 
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Designer Scenario One 
interactiv,e 3D Workbench 
Description 
• • Loughborough 
• University 
'I: Loughborough 
University 
• Large auto-stereoscopic display (allows designer to view objects in 3D without glasses) 
• Display can be rotated from vertical I horizontal & ra ised I lowered to suit working style 
• Multiple interchangeable wireless input devices for interaction, sketching, 3D sculpting 
and navigation (e.g. textur·e feedback gloves, 3D pen, keyboard ate) 
• Information can be shared wirelessly between screens or via the internet for 
collaborative work 
• Office style working environment 
• Optional video I audio communication and stereo sound output 
• Two handed operation 
• Direct wireless communication to both 3D Scanning for data capture and rapid 
prototyping & other manufacturing output 
Figure 9.2 - Designer scenario one (081): Interactive 3D workbench 
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Designer Scenario Two 
3D Holographic Design 
Description 
• Portable 3600 view fulf co lour holographic display pod 
1_11 Loughborough 
• University 
I . Loughborough 
• University 
• Advanced wireless cybertouch glove (texture, realistic model interaction) 
• Multiple interchangabte input devices (e.g. keyboard, holo-controls, etc.) 
• Facil ita tes the use of virtual tools, 3D scul'pting and full sca le model disp.lay 
• Direct wireless communication with other 'pods' can display larger assemblies 
and link to the internet for online communicaiton or collaboration 
• Optional voice control and gesture recognition 
• Optional stereo sound oUlput 
• Direct wireless communication from both 3D scanning for data capture and rapid 
prototyping & other manufacturing outputs 
Figure 9.3 - Designer scenario two (082): 30 holographic design 
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Designer Scenario Three 
Wireless Haptic 3D Workstation 
Description 
• • Loughborough 
• University 
• • LOl;lghb.orough 
., Umverslty 
• Dual advanced 'wireless lightweight force feedback gloves allowing you to f,eel texture, 
elasticity and forces aUowing you to interact & manipulate the product as in the real world 
• Facilitates the ability to shape virtual material either using hands or with virtual tools 
• Viewed on a large wall mounted auto-stereoscopic display allowing you to view objects 
in 3D without the need for special glasses 
• Optional integrated design collaboration and communication via the internet 
• Two handed operation 
• Optional voice and gesture recognition 
• Optional stereo sound output 
• Facilitates both 3D scanning for data capture and wireless rapid prototyping & 
other manufacturing outputs via a wireless connection 
Figure 9.4 - Designer scenario three (OS3): Wireless haptic 3D workstation 
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Designer Scenario Four 
ImmersiveWork Room 
Description 
1 _  Loughborough 
• University 
U Loughborough 
University 
• Stereoscopic 6 sided rear projected CAVE workroom. allowing designers to view the 
object in 3D without the need for glasses 
• Each wal l can display separate sets of information or combined to make a fully 
immersive environment 
• Multiple interchangeable wireless interaction devices {e,g. 3D pens, haptic gloves etc.} 
• Dedicated work room 
• Facilitates optional communication and collaborative design work. via the internet 
• Full scale model, assembly and walk around views possible 
• Optional 3D sound 
• Facilitates both 3D Scanning for data capture and rapid prototyping & other 
manufacturing output via wireless connection 
Figure 9.5 - Designer scenario four (054): Immersive workroom 
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Designer Scenario Five 
• • Loughborough 
• University 
.~ Loughborough 
• University 
Advanced Wireless Photo-Realistic Virtual Reality 
Description 
• Advanced wireless lightweight high-definition, photo-realistic virtual reality head 
mounted display making it possible to 'walk around' full scale models and assemblies 
• Advanced dual wireless lightweight force feedback gloves allowing the user to feel 
texture, hold, manipulate the virtual object, simulating 'real world ' interaction 
• Multiple interchangeable wireless 3D interaction and control devices, facilitating the 
use of virtual tools and 3D sculpting 
• Two handed operation 
• Optional collaborative design via a network or the internet 
• Optional gesture recognition , voice controls and 3D sound 
• Facilitates both 3D scanning for data capture and rapid prototyping & other 
manufacturing outputs via wireless communication 
Figure 9.6 - Designer scenario five (OS5): Advanced wireless photo-realistic virtual 
reality 
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Consumer Scenario One 
Integrated Evaluation Desktop 
Description 
• Typical office environment 
• Large high definition touch screen with touch button feedback 
.~ Loughborough 
• University 
• ~ Lou,ghborough 
., Univers ity 
• Advanced wireless textu re feedback glove (allowing you to feel texture) 
• Multiple wireless interchangeable input devIces e.g. keyboard, graphics tablet, etc. 
• Optional stereoscopic display - via wireless stereoscopic glasses 
• Optional integtated web interaction (audio and video link) 
• Optional stereo sound output 
• Two handed operation 
• Facilitates designer or consumer led evaluations 
Figure 9.7 - Consumer scenario one (CS1): Integrated evaluation desktop 
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Consumer Scenario Two 
Holographic Evaluation 
Description 
• Portable, wireless. 3600 view ful l colour holographic display pod 
• • Loughborough 
• University 
• • Loughborough 
• Univers ity 
• Advanced wireless cybertouch grove (can feellexture with real istic model interaction) 
• Multiple interchangeable input devices (e.g. keyboard, holo-controls, etc.) 
• Full scale models possible (within reasonable limits) 
• Optional voice control and gesture recognition 
• Optional stereo sound output 
• Direct wire less communication with other pods and the internel for online 
or collaborative evaluations 
• Facilitates designer or consumer led evaluations 
Figure 9.8 - Consumer scenario two (CS2): 3D holographic evaluation 
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Consumer Scena'rio Three U b~i\~:~i~~ugh 
Integrated Augmented Prototyping 
Description 
• Advanced wireless lightweight augmented reality glasses (virtual image overlaid on a 
rapid prototyped model) 
• 3D interaction (e.g. virtual screen menus I buttons) & navigation via an advanced 
wireless lightweight cyberglove and other input devices (e.g. 3D pen) 
• P ~l yslcal interaction th rough ultra-fast rapid prototyping models with production 
of single or multiple models in a few seconds 
• Key features can be highlighted throughout evaluation through virtual overlay 
• Faci li tates designer or consumer red eva luations 
• Optional stereo sound output 
• Optional recording of gestural, verbal responses & voice c{)ntrol 
Figure 9.9 - Consumer scenario three (CS3): Integrated augmented prototyping 
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Consumer Scenario Four 
~~ ~ 
• • Loughborough 
• University 
• • Loughborough 
• University 
Advanced Augmented Nano-Tactile Prototyping 
Description 
• Advanced large tactile display which can physically mimic any shape. texture 
& elasticity of any material and product 
• Augmented real ity lightweight glasses (overlay virtual image onto display) 
such as colour, virtual screens and controls 
• Model and virtual overlay updated in real time, dependant on your choices 
• Facilitates both designer and consumer led evaluations 
• Optional voice controls and stereo sound output 
• Key features can be highlighted throughout eva luation using the virtual overlay's 
Figure 9.10 - Consumer scenario four (CS4): Advanced nano-tactile prototyping 
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Consumer Scenario Five 
Wireless Haptic 3D Workstation 
Description 
• • Loughborough 
• University 
• • Loughborough 
• University 
• Dual advanced wireless lightweight force feedback gloves allowing you to feel texture, 
elasticity and forces allowing you to interact & manipulate the product as in the real world 
• Viewed on a large wall mounted auto-stereoscopic display allowing you to view objects 
in 30 without the need for special glasses 
• Optional integrated web interaction (audio and video links via the internet) 
• Two handed operation 
• Optional audio & visual responses can be recorded 
• Optional voice and gesture recognition 
• Optional stereo sound output 
• Facilitates designer or consumer led evaluation and group evaluations via the internet 
Figure 9.11 - Consumer scenario five (CS5): Wireless haptic 3D workstation 
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The ten scenarios were presented for evaluation using an online questionnaire [Surveyshare, 
2007]. This provided supporting evidence for the development of the next generation of virtual 
prototyping technologies and validation to the previous studies in this thesis. Ideally, it would 
have been best to evaluate each concept using the list of requirements produced in Appendix 
9.6. However, after the initial pilot with five academics and five peers (from the Department of 
Design and Technology, Loughborough University) it was decided that this would be too 
complex, take too long to complete and would consequently reduce the response rate as had 
been experienced in previous studies. Each scenario was evaluated individually with the aim 
of identifying a rank order for each set of scenarios; the intention was to combine the designer 
scenario with the scenario consumer into a single 'optimum' system. 
The online questionnaire (see Appendix 9.11) was divided into three sections (background 
information, designer or consumer focused virtual prototyping scenarios and additional 
comments). The initial section gathered basic background information about the respondent 
including whether the person was a designer or a consumer. Depending on the respondent's 
answer, this section was followed by either the consumer or the designer scenarios. Each 
scenario given was followed by an illustration and a short bullet-point description, followed by 
the respondent being asked to evaluate each individual scenario against a set of statements 
using a four-point Likert scale [Robson, 2002] to rate each of the criteria statements. The 
respondents were asked to indicate their opinion for each statement: strongly agree; tend to 
agree; tend to disagree and strongly disagree. The scale deliberately did not include a neutral 
response, to ensure that the respondents expressed an opinion either way. 
This was followed by asking designers and consumers whether cost would affect their 
decision, as this particular factor had been identified previously. This was then followed by 
asking the respondents to identify their ideal software solution to complement the hardware 
scenario, with a final section covering additional information designed to capture further 
opinions and additional comments. The smaller sample size (of consumers) in this evaluation 
is acknowledged, alongside the fact there were no older (60+) respondents. However the 
consumer and designer requirements matrices were produced from a much larger data set. 
These concepts should be treated as the starting point for further research involving a much 
larger survey that would include consultancies. 
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This section includes the results from the revised version of the questionnaire. The response 
ratios included in the tables in this section have been rounded to the nearest integer 
percentage. All the results tables have been included in the appendices and references given 
relate to the tables in Appendix 9.12. The key findings were that: 
• The majority of respondents (85%) were male aged between 18-34 years old (68%), and 
35-59 (32%), none of the respondents was 60+. 
• 95% of designers thought overall cost (training, initial outlay etc.) would affect their 
decision to purchase or use the systems described in the survey. 
• DS1 (Interactive 3D workbench) was the overall preferred choice with 42% (by 
question). This could be due to the designers' familiarity with this technology as it is the 
closest to that which they are currently using. DS1 was followed jointly by DS2 and DS3 
(17%), DS4 (15%) and finally DS5 (0%), which could be due to unfamiliarity with the 
technologies presented or the fact that they were too futuristic. 
• No concepts in the overall preference (by score) received a negative score. This 
indicates that each overall concept was desirable, to one degree or another. 
• The highest scoring designer scenario was DS1 (Interactive 3D workbench). This could 
be due to the familiarity of the technology. The lowest score was for DS5 (Advanced 
wireless photo-realistic virtual reality). 
• Preference by question, CS2 (3D holographic evaluation) was the overall preferred 
consumers choice with 26%. Followed by CS5 (23%), CS1 (19%) and CS4 (16%) 
although there was no clear leader in the overall choice. 
• The highest scoring consumer scenario was CS5 (Wireless haptic 3D workstation) with 
the lowest total scoring scenario being CS3 (Integrated augmented prototyping). 
• The only negative scoring scenario was DS5 (Advanced wireless photo-realistic virtual 
reality) which scored -1 on respondents' idea of the next generation of virtual prototyping 
technologies and -5 for comfort of use. This also received the lowest score, suggesting 
that this type of environment would be least favoured by designers. 
• There were no negative scoring consumer evaluation scenarios, suggesting that 
consumers would be open to developments in a wide range of technologies. 
The top three scenarios (CS5, CS4 and CS1) scored close together, with only a 16 point 
difference overall and should therefore be considered for the development of future 
virtual product evaluation technologies. The fact that CS5, CS4 scored highest was 
unexpected, as these were the more advanced concepts and it had been expected that 
the most familiar technologies would score highest. 
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• Overall, there was a large difference between the first and second highest scores, 
indicating that DS1 was the clear choice for designers. This was followed by DS3, DS4 
and DS2, all of which were fairly level by overall score and should still be considered for 
the future direction of virtual prototyping technologies. However, DS5 scored significantly 
lower than the rest. 
• The designers' most popular software choice was Multiple Specialised Packages with 
32%, followed by a combined package and engineering based modeller & analysis 
system both with 20%. Surprisingly, this was followed by an AI design system (12.5%), 
and finally the 'freer' packages such as 3D render er & freeform modeller and 3D 
Sculpting / Voxel modeller with only 2.5%; unfortunately the survey did not catch why 
designers would prefer these options. 
• The combined package was the preferred consumer software option with 52%, followed 
by multiple packages (23%) and 3D content sharing software (16%). The least preferred 
options were the collaborative package (6%) and the internet-based virtual sales 
assistant (3%). 
9.5.5 Scenario analysis and combination 
The final stage of this process involved analysing the results of the consumers' and designers' 
evaluation of the scenarios and discussing the possibilities of combining these scenarios to 
create an 'optimum' system. The responses from the scenario evaluation questions were 
analysed by assigning a numerical value to the response scale in order to compare the 
relative success of each scenario when evaluated against the statements. Each designer's 
statement was scored as follows: strongly agree (+2), tend to agree (+1), tend to disagree (-1) 
and strongly disagree (-2) [Brace, 2004]. The maximum total score any scenario could receive 
was therefore 960 (12 criteria, 2 point maximum score, 40 respondents). Similarly, the lowest 
possible score was -960. 
In relation to each of the criteria, the maximum score was 80 and the minimum was -80. The 
maximum total consumer score that any scenario could receive was 744 (12 criteria, 2 point 
maximum score, 31 respondents). Similarly, the lowest possible score was -744. In relation to 
each of the criteria, the maximum score was 62 and the minimum was -62. The ranked order 
and scores of each of the main criteria are represented in Appendices 9.13a to 9.14. These 
were then analysed to provide evidence for the possible directions and combinations of the 
next generation of virtual prototyping technologies and included in the results summary. 
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The 'optimum' scenario would be the interactive 3D workbench (DS1) for designers combined 
with 3D holographic evaluation (CS2) for consumers. Designers would also want multiple 
specialised packages and consumers would want a combined evaluation package. 
9.6 Expert opinion 
Once the results were collated, a further single sheet open-ended questionnaire (see 
Appendix 9.15) was sent to two key experts in the field of virtual prototyping. One was an 
academic expert, Prof. Dr. I. Horvath of Delft University of Technology and the other was Mr 
David Prawel, the President and Principle advisor of Longview Advisors [2007] which provides 
consulting services in 3D Digital Product Development and Deployment. Only Mr David 
Prawel took the time to respond to the questionnaire. His responses have been included in 
Appendix 9.15. David Prawel notes in his expert statement that artificial intelligent systems will 
be an important development in the future. Applications will be purpose-driven as opposed to 
menu-driven, linked closely with an intuitive interface. In addition, there will be development of 
drawing- or sketch-based applications. This view supports the research findings as stated in 
this and previous chapters although designers are still concerned that these systems will take 
over their design and evaluation process. These developments could allow designers to 
innovate and to be more creative, leaving the more mundane tasks to be automated. One 
example of the next generation of virtual prototyping software could be a more intuitive form of 
the current CAD or PLM software, presenting the deSigner with different tools at the various 
stages of their design process and suggesting 'best practices' or options when needed. The 
centralised product model could then be evaluated quickly and easily, at any time, via the 
internet in a co-design environment. 
9.7 Chapter summary 
This chapter began with the suggestions given by deSigners using current virtual prototyping 
software for consideration and inclusion in the development of any future virtual prototyping 
tools. Some of the requirements, from software issues such as AI through to future 
developments in hardware such as tactile displays, have been discussed earlier. 
The results showed that respondents would want a wide range of features in a virtual 
prototyping technology. Some of these features are not currently available in one piece of 
software; therefore, further research is required to develop a solution to fulfil the user 
requirements identified in this thesis. 
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Software applications are expanding across the design spectrum from concept to evaluation 
giving complete product life cycle management from cradle to grave. In common with most 
computer-based technologies, it is likely that users will drive the next generation of virtual 
prototyping technologies. More intuitive, interactive and collaborative product development, 
with the ability to make real time customisation of the product they are evaluating could be the 
next step in product development. Developments in virtual prototyping hardware and software 
will also facilitate the development and further integration of collaborative virtual environments 
in the design process. As these technologies continue to develop they should begin to solve 
the problems identified in this chapter. 
This chapter has also successfully developed a wide ranging set of designer and consumer 
criteria matrices into a set of validated virtual prototyping scenarios of the future. None of the 
results in Chapters 6 to 9 suggested a direct solution for resolving the criteria established in 
these chapters. It was therefore crucial that the development and construction of these 
scenarios remained transparent, thereby aiding any future work in this area. The construction 
of such scenarios is never easy, as there is always a vast number of differing and counter-
balanced criteria on which to base a decision. However, these groups could be combined in 
the future and used in conjunction with other technologies. As with all matters of technology it 
is developing constantly. 
The 'optimum' scenario as identified would be the interactive 3D workbench (DS1) for 
designers combined with 3D holographic evaluation (CS2) for consumers. This could be 
achieved using Projected Aerial Imaging as discussed in Chapter 4. Designers would also 
want multiple specialised packages and consumers would want a combined evaluation 
package. A specialised virtual prototyping evaluation package could include (but not 
exhaustively) an engineering element (FEA, CFD), ergonomic analysis, design variations and 
a consumer response system in one modular package. This chapter and all the previous 
chapters have aided in the development of the research and attempted to answer the 
proposed research questions as listed in Chapter 5. The degree to which this has been 
achieved is discussed in Chapter 10, which provides the final conclusions for the research and 
recommendations for future research. 
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This final chapter presents the main conclusions of the research programme together with the 
underlying arguments for the proposed future of product evaluation using virtual prototyping 
technologies, Direct answers to the main research questions as posed in Chapter 6 are 
offered. The research deliverables and implications for the intended audiences are then 
outlined. A number of areas for further research are also identified, including work that should 
be considered as extensions to this project as well as being related subject areas. Finally, a 
concise summary is given outlining the contributions to knowledge that have been made by 
this research. 
10.1 Answers to the main research questions 
A number of research questions were posed in Chapter 6, the research undertaken to answer 
them being described in subsequent chapters. The research questions were all fully 
addressed and the responses to each, based on the documented evidence gained through 
research and the studies in this thesis, are as follows: 
10.1.1 Which virtual prototyping technologies are currently being used in industry? 
This question was answered initially through journal and web-based investigations looking into 
the current situation in respect of available prototyping technologies. Virtual prototyping 
technologies will continue to develop and to expand their viable applications with the aim of 
aiding the designer in the design process (see Chapter 2). There is a range of factors affecting 
the choice of technology to be used in the wide variety of evaluation models available to 
designers. These include cost, available expertise and product characteristics (Cooper & 
Kleinschmidt, 1986). Other product characteristics such as scale, complex interaction and 
environment may also help to determine the virtual prototyping technologies that are 
employed (see Chapter 3). Although Chapter 4 discussed the relative merits of a range of 
virtual prototyping software and hardware available to deSigners, together with possible future 
developments of these technologies, it was still necessary to determine which technologies 
are currently being employed within industry. 
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Chapter 6 presented evidence on the design and evaluation processes currently used by 
design consultancies, as well as the virtual prototyping technologies to which they currently 
have access. Although the response rate was low, a fact which should be taken into 
consideration, the responses given are still valid opinions held by designers in industry. The 
results of the questionnaire demonstrated that a variety of evaluation methods are used in 
industry. It was also clear that design consultancies rarely owned haptic devices, stereoscopic 
displays or 3D printers, but more commonly owned low-end interaction devices such as 
graphics tablets and 3D controllers. Most consultancies had access to the high-end 
Windows®-based computer systems that are available to the general public, as opposed to the 
high-end graphics workstations also currently commercially available. Some designers 
preferred to have a selection of 'design tools' and so preferred access to more than one 
software package. The software packages used in industry varied, although the majority of 
consultancies tended to use packages such as Pro ENGINEER with its engineering focus, 
rather than the more creative packages like 3D Studio MAX. The majority of consultancies 
also currently use a range of display methods for product evaluation, the most popular of 
these being 3D CAD models and on-screen photo renderings, followed by rapid prototypes. 
These results show that when design consultancies utilise the virtual prototyping technologies 
that are available to them, they tend to choose commercially viable systems that have been 
proven and are relatively economical to run. 
10.1.2 What is the level of users' acceptance of current virtual prototyping 
technologies? 
Although evaluations of current virtual prototyping technologies such as the PHANTOfo./F 
haptic device already existed (e.g. Evans et al., 2005) there was little evidence of studies 
aimed at the users' acceptance of these technologies. This lack of knowledge was directly 
addressed by the study presented in Chapter 7. The users' acceptance of the virtual 
prototyping technologies depended very much on their previous experience and background 
as well as the specific virtual prototyping system being used. Users across all age groups 
showed greater acceptance of more familiar technologies such as photo renderings and 
product animations. The more specialised and complex software and hardware such as the 
PHANTOfo./F / Freeform system and Pro/ENGINEER: Wildfire 2 caused more problems, 
highlighting the need either to provide training for users or to provide a simpler and more 
intuitive solution. When participants felt uncomfortable using the technologies, or when they 
experienced problems, they tended not to alter model views or use the virtual prototyping 
technologies beyond an initial exploration. 
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This means that they were not utilising the equipment to its full potential throughout the trials, 
reducing the reliability of the product evaluations and further highlighting the need for greater 
user acceptance of these technologies. Development of these virtual prototyping technologies 
should see the reduction or removal of connecting wires and the reduction of bulky hardware, 
making these technologies less cumbersome and increasingly comfortable to use. This will be 
combined with further developments in software to improve usability, offering a wider scope of 
applications to users. As the technologies develop, becoming more common and familiar to 
the commercial market, all these factors should increase the users' acceptance of them in the 
future. 
10.1.3 What is the prevalence of users' psychological and physiological discomfort 
while using virtual prototyping technologies? 
The prevalence of users' psychological and physiological discomfort while using current 
computer technology has been studied previously, leading to the identification of problems 
such as Carpal Tunnel Syndrome (CTS) caused by long-term exposure to some of these 
technologies. For example, users of the PHANTOtvr haptic device could have an increased 
risk of CTS with long term and I or high exposure when compared with 'normal' computer 
interaction technologies. However, the evidence from Chapter 7 showed that no significant 
physical or thermal discomfort was experienced during the short-term use of the technologies. 
Moreover, it was also clear that users' psychological comfort was a potential issue. In general, 
older users were uneasy, uncomfortable and lacked confidence, even when using 'normal' 
computer technology such as on-screen renderings and animations. Older participants also 
had problems operating the mouse or keyboard properly. Stated reasons for this were that the 
buttons were "too small" and "hard to use" which could be due to loss of users' manual 
dexterity. The more specialised and complex software and hardware such as the PHANTOtvr 
/ Freeform system and Pro/ENGINEER: Wildfire 2 caused even younger users to have some 
psychological discomfort. The users' physiological and psychological discomfort was seen to 
be dependant on a variety of factors ranging from their previous experience and familiarity 
with computer systems to exposure times and environment. Any new virtual prototyping 
technology should consider these findings and apply factors related to both usability and 
human principles in their development of future technologies. 
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10.1.4 What is the reliability of using virtual prototypes compared to that of physical 
prototypes for evaluation? 
The reliability of using virtual prototypes compared to that of physical prototypes was 
assessed through the trial reported in Chapter 8. This work showed that when comparing 
virtual and actual product preferences, condition 2 (animations) was the most reliable of the 
three conditions tested, closely followed by condition 3 (3D 360 0 view). This could be due to 
the predefined nature of the product animations showing participants all the information 
defined by the designer, whereas in condition 3 (3D 360 0 view) the information had to be 
actively sought and was led by the evaluator. The reason why condition 1 (photo renderings) 
performed less well could be due to the lack of animations or 360 0 views. Each virtual 
prototyping technology had its relative strengths and weaknesses. For instance, animations 
were able to represent additional features or moving parts, allowing for a more accurate and 
reliable evaluation. In general, the more information provided to the user, the more reliable the 
product evaluation tended to be. Therefore, it can be predicted that a virtual product 
representation using a range of modalities including visual, auditory and haptic, would 
increase the user's immersion and interaction with the product, so increasing the reliability of 
the product evaluation. The success of the technologies was dependant partly upon the 
performance of the hardware and partly upon the ability of the designer to produce the virtual 
representations for evaluation. 
In order to achieve a reliable evaluation of a prototype the consumer must first be comfortable 
and familiar with the technologies they will be using, or be guided carefully through the 
process. Then the designer must consider which technology will best represent the product 
they intend to have evaluated, from the viewpoint of both environment and product attributes. 
For example, representation of a large product might be better using HMD or a virtual reality 
system, whereas a small product might be better represented on a stereoscopic display. The 
designer must also consider the product attributes that they want to evaluate and whether 
they are visual or interactive elements. For example, virtual prototypes might be more suitable 
for multiple product options, but where ergonomics or final proof of concept is the issue, 
physical prototyping might be more suitable. Although current virtual prototyping technologies 
are constantly being improved, it is clear that both virtual and physical prototypes still have 
their relative strengths and weaknesses for product evaluation; each has its own valid place in 
any design process. The author believes that only through the development and integration of 
both of these technologies (e.g. through interactive augmented prototyping or projected aerial 
imaging) will the next generation of prototyping evaluation technologies emerge. 
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10.1.5 What is the user's perception of a 'virtual product' compared to a physical 
prototype? 
The results of the comparison interviews in Chapter 7 showed that all participants preferred 
the actual product for evaluation as they considered it easier to evaluate. It was also clear that 
the virtual product allowed the user to make certain assumptions. For example, the product 
could seem to be of better quality than it actually was (which could be seen either as an 
advantage or as simply misleading). The majority of participants tended to settle on a 
perception that was based on previous experiences or else they associated the product logo 
with previously known products to make assumptions about a product's function. 
Chapter 8 showed that when comparing virtual products with their physical counterparts, 
participants generally perceived the virtual products to be of better quality than the actual 
product. This could have been due to the virtual model typically showing a product at its best, 
without surface defects and with perfect lighting and colouring, which differs from the 'honesty' 
of the actual product. Participants also tended to use more generalised and visual descriptions 
, 
during the virtual evaluations; in the actual product evaluations they tended to be more 
verbose and specific, also assessing physical attributes such as comfort and texture. 
One of the main problems with virtual product evaluation was 'trust'. Users very rarely trust 
what they are seeing or being told during the virtual representation of a product. If the user is 
a designer, he or she will prefer to gain reassurance by producing and I or testing a physical 
prototype. Until VP technologies prove themselves time and again they will never be fully 
trusted. It will require much research and hard work to prove to users that virtual 
representations can be trusted. As virtual prototyping technologies develop, the virtual 
representations will continue to improve, becoming more life-like until eventually users will be 
unable to tell the difference. This is already the case with photo-realistic rendering (see 
Chapter 4). Audio technologies that represent the auditory aspects of a virtual product are 
also very close to realising this condition although they are rarely utilised in industry. Virtual 
prototyping technologies that represent aspects such as haptics or smell still have some way 
to go. 
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10.1.6 What are the effects on product preference of using virtual evaluations compared 
with the effects of physical evaluations? 
This research question was answered from the results of study 'c' (see Chapter 8). This study 
showed that 75% of the participants' virtual product preference (when using animations) 
remained the same when compared with their actual product preference. This reduced to 67% 
of participants for 3D 360 0 view and 50% of participants for photo renderings. From these 
results it is clear that users' product preferences are somewhat affected by the virtual 
prototyping technology used to represent that product. With less information available to the 
user in virtual representations such as photo renderings, the user is forced to make 
assumptions based on previous knowledge which mayor may not be correct. Therefore, their 
perception of the virtual product differs from what their perception of the actual product would 
have been. Visual aspects can be accurately represented by simpler technologies, whereas it 
becomes more difficult, costly and time consuming to provide a true representation of more 
complex functionality as in attempting to simulate the use of a mobile phone. In some cases, 
using the virtual prototyping technology will actually hinder the user as they are assessing the 
virtual product, leading to a change in their perception. For example, problems such as system 
lag and complex VP user interfaces can have a negative effect on the user and their product 
evaluations. For this reason, user interfaces in VP systems still need to be developed to 
further improve the virtual interaction between the product and the user, hence increasing the 
reliability of the product evaluation. 
10.1.7 What will be the next generation of virtual prototyping technologies? 
As discussed previously, the results of the various studies (see Chapters 6 to 8) gave some 
indication as to those technologies with which users feel comfortable. In Chapter 4, further 
research into new and future virtual prototyping technologies and software, which are not 
currently viable for industrial use, has been presented. This knowledge was used to identify 
five possible designer and consumer collaboration scenarios for the next generation of virtual 
prototyping technologies, as presented in Chapter 9. Designers would want multiple 
specialised packages, whereas consumers would want a combined evaluation package. A 
specialised virtual prototyping evaluation package could include (but not exclusively) an 
engineering element (FEA, CFD), ergonomic analysis, design variations and a consumer 
response system, all in one modular package. The next generation of virtual prototyping 
system should aim to integrate both virtual and physical prototypes, combining the 
advantages of each so that they can be incorporated in the wide range of product design and 
evaluation processes used in industry. 
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The development of virtual prototyping technologies will no doubt have an affect on the way 
designers and consumers interact with a prototype. It could also affect how designers design 
and evaluate their concepts, and may encourage designers to use a more user-centred 
design process. Analysis of the designers' requirements questionnaire showed that 
respondents would want a wide range of features in a virtual prototyping technology (see 
Appendix 9.4 to 9.7), many of which are not currently available in a single piece of software. 
However, this situation is likely to improve as technologies develop and become more 
integrated. In common with most computer-based technologies, it is likely that users will drive 
the next generation of virtual prototyping technologies. More intuitive, interactive and 
collaborative product development packages should become available as the performance of 
virtual prototyping technologies increases and costs are reduced. 
10.1.8 What are the future user requirements for the next generation of virtual 
prototyping technologies? 
Virtual prototyping technologies were discussed in Chapter 4 and provided the background for 
all the reported studies. Chapters 6 to 8 provided the basis of the user's requirements for the 
next generation of virtual prototyping technologies. Chapter 9 provided documentary evidence 
of the designer's requirements for next generation of virtual prototyping technologies; it also 
proposed and analysed a series of five designer and consumer 'next generation' virtual 
prototyping scenarios. Subsequent speculation by the author was then drawn from all of the 
discussion and results presented in these chapters. 
From the results presented in Chapters 6 to 9 it was clear that users wanted a wide range of 
attributes to be included in the next generation of virtual prototyping technologies (see 
Appendix 9.4 to 9.7). With further development of current enabling technologies, other aspects 
should be added to virtual representations to increase users' immersion, interaction and 
perceived realism of the virtual product. The ability to touch a product is a key modality that 
users require for a reliable product evaluation (see Chapter 7). One key group of VP 
technologies that attempts to address this issue is that of haptic devices, although some of 
these still need to be developed further. These technologies should be included in any future 
system to provide tactile and force feedback representation of a virtual prototype. From the 
results presented in Chapters 7 to 9 it is clear that the next generation of VP software should 
provide tools that are more intuitive and intelligent, aiding designers in the design process by, 
for example, presenting the designer with appropriate tools when needed or even advising on 
different manufacturing options. 
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The author believes that any future product design process should integrate both virtual and 
physical prototyping concurrently. A special emphasis on using rapid prototyping must be 
maintained, complementing virtual prototyping for mode ling purposes. VP software should 
also provide a 3D 360 0 model that is interactive and can be presented in a collaborative 
environment if required. The need for a modular plug and play system was also identified in 
Chapters 6 and 9. This would reduce the complexity of the software, focus on what is needed 
by the users and allows them to use their preferred method of interaction or use multiple 
interactions. The 'optimum' scenario as presented in Chapter 9 would be the interactive 3D 
workbench (DS1) for designers combined with 3D holographic evaluation (CS2) for 
consumers. This could be achieved using projected aerial imaging as discussed in Chapter 4. 
However the author believes that interactive augmented prototyping and tactile displays will 
also have their place in the future. Whatever that future may hold for virtual prototyping 
technologies, it is clearly essential that users are involved in the process of developing these 
technologies. 
10.2 Research deliverables 
Several specific deliverables were developed through the research programme and are 
presented as contributions to the field of virtual prototyping and evaluation. 
• A definitive set of sixty-six consumer requirements and 136 designer requirements for 
virtual product evaluation technologies. Detailed lists are in Appendix 11.1 and 11.2. 
• A set of five designer virtual prototyping scenarios, comprising reasoned examples of 
possible futures for designer prototyping and evaluation technologies that have been 
evaluated by designers. 
• A set of five consumer virtual prototyping scenarios, comprising reasoned examples of 
possible futures for consumer evaluation technologies that have been evaluated by 
consumers. 
• A conference paper presented at the 3rd International Conference on Advanced 
Research in Virtual and Rapid Prototyping in Leiria, Portugal (Barge et al., 2007). 
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The results contained in this thesis are intended to be of direct use to four main groups of 
people: i) computer hardware and software developers, ii) managing directors and project 
managers, iii) design researchers and iv) designers. These implications are as follows: 
i. Computer hardware and software developers: By providing evidence on which to 
base their specifications for next generation virtual prototyping software tools and user 
interfaces. 
ii. Managing directors and project managers of industrial design consultancies: By 
providing them with information on the current developments in virtual prototyping 
technologies and the direction of such technologies in the near future. 
iii. Design researchers: By providing information and consolidation of prior research within 
the subject area and a foundation on which new, collaborative and subsequent research 
projects can be built. 
iv. Designers: By providing information on the selection of virtual prototyping technologies 
to be used in the future for product evaluation, as well as an insight into where these 
technologies might be heading. 
10.4 Limitations ofthe research programme and reflections thereon 
Everyone benefits from hindsight; it is therefore possible to reflect critically upon certain 
aspects of the research programme. Some of the following suggestions would have extended 
the research programme well beyond the set time limit, but are stated as considerations for 
further studies. This thesis focused on the evaluation of small scale consumer products, 
thereby limiting the research to this area. These limits are due to the fact that the scale and 
complexity of the virtual product influences the virtual prototyping technologies which are most 
appropriate. The main limitation of the results presented in Chapter 6 was that it focused only 
on design consultancies and not on large corporations such as those in the automotive and 
aerospace industries. These industries and corporations were also contacted throughout the 
course of the thesis but no responses were received. 
The main limitation of the results presented in Chapter 7 was that the product evaluation only 
focused on one type of small-scale product. The study could have looked at a range of 
products as a way of improving the comparisons. Another consideration that should be noted 
is the effect that the technologies and the environment had upon the results and the product 
evaluation. Further studies could have been carried out, either in a realistic virtual environment 
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or an actual environment where the product would be encountered. An example of this would 
be a mock-up of a supermarket shelf. Due to time, cost and the constraints of available 
expertise, this study only looked at a small proportion of the wide range of virtual prototyping 
technologies that are available. Future studies should therefore be expanded to cover other 
semi- and fully-immersive technologies such as the CyberGraspTM or CAVE's (see Choi et al., 
2006). It should also be noted that there is a need to separate out the issues relating to the 
use of the PHANTOp..,tf haptic device from the those regarding Freeform Modelling Plus 8.2, 
although these two come together as a package. 
limitations of the results presented in Chapter 8 were that, due to the poor response from 
potential participants, the time constraints and some difficulties with the PHANTOp..,tf / 
Freeform system experienced by users in Chapter 7, it was decided to remove the 
PHANTOp..,tf haptic device from the study. Further research is needed into the effect of semi-
and fully-immersive technologies on product preference. The product evaluations in this 
chapter focused on usability issues rather than performance factors such as battery life, 
pointer accuracy and movement delay, which could have also been measured. Some of the 
issues such as 'video controls' in the animation conditions, were also solved by using 
Macromedia Flash MX (Adobe, 2007), a lesson learned from Chapter 7. Also, the use of 
Pro/ENGINEE~ (Parametric Technologies Corp., 2007) was simplified in this study; no 
animations were used because the current animation controls are complex. 
The main limitations of the designer requirements questionnaire presented in Chapter 9 were 
that the results collated from the online questionnaire could not be traced. Unless respondents 
had volunteered their email address there was no way to follow up on any issues that arose. 
This approach was taken to increase response rates by allowing designers to respond 
anonymously. Due to the ambiguity of some of the questions and the additional responses, 
the designer requirements ranged from very specific requirements or 'wishes' such as "PDA 
synching" to more general requirements such as "accessibility for impaired use". All these 
requirements then had to be filtered and reduced down to a usable set of requirements; 
inevitably some requirements were removed. This could have been avoided by providing a 
more comprehensive list of requirements or by re-formulating open-ended questions into a list 
of requirements. The main limitations of the design and validation scenario in Chapter 9 were 
that, initially, the evaluation of existing technologies against the set of designer and consumer 
requirements was very subjective. It should be noted that this was primarily the author's 
method of producing the scenarios to be used later; it would have been possible to use other 
methods. The validation questionnaire was carried out through an on-line survey, primarily 
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due to time constraints, which meant that the questionnaires were completed without the 
discussion and expansion that could have been achieved through interviews or other 
methods. Discussions with some the respondents showed that the second on-line survey was 
quite heavy going and could have been made easier either by reducing the number of 
scenarios or the number of criteria evaluated for each. Also, very few females and no older 
participants (60+) took part in the survey, meaning that these groups were not represented in 
the results. 
As with all technologically related studies, the research on current and emergent technologies 
will quickly become out of date. Some technologies, however, will be developed more quickly 
than others. For example, Immersion has recently released the new version of the 
CyberGlove@, the CyberGlove I~ with wireless connectivity. This will require subsequent 
reviews of all the virtual prototyping technologies in future research projects. The development 
factor is even more relevant when considering software, as there have been new emergent 
programs such as Adobe Acrobat 3D (Adobe, 2007) released during the latter stages of this 
research. Also, further development of existing software such as ProlENGINEERID (Parametric 
Technology Corp., 2007) and Freeform Modelling Plus (SensAble Technologies Inc., 2007) 
has taken place. However, these are generally 'version updates' usually consisting of minor 
changes to tools, layout or memory management and rarely do they change the entire 
functionality of any software package. Another key consideration is the continuing 
development of computer hardware with ever more powerful processing capability that should 
reduce some of the problems encountered throughout this thesis. 
10.5 Recommendations for future research 
A number of areas for further research are also identified throughout this thesis, including 
work that should be considered as extensions to the thesis as well as in related subject areas. 
These are presented below as prospective project summaries. 
10.5.1 Realising the future developments of virtual prototyping technologies 
Augmented prototyping is one of the virtual prototyping technologies that could provide an 
integration of the benefits of both rapid and virtual prototyping. Could similar integration be 
applied to any other key virtual prototyping technology? Also further investigation is needed 
into the development of haptic devices and tactile displays. The slow development of tactile 
displays could be attributed to poor usability, as most existing systems are cumbersome, 
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bulky, expensive and often focused on the optimisation of one single haptic feature. In order to 
be successful, devices should be capable of causing a variety of haptic sensations with a high 
refresh rate to match the skin's sensitive bandwidth and they must be safe to use. Research 
and development intended to increase the performance of other existing virtual prototyping 
technologies is also needed, with the aims of reducing system lag, physical weight and the 
cumbersome nature of wired connectivity. 
10.5.2 Consumers' physiological and psychological discomfort when using future 
virtual prototyping hardware and software 
Chapter 7 should be expanded to research the effect on the users' physiological and 
psychological comfort, of the other immersive and semi-immersive virtual prototyping 
technologies, from Immersion's CyberGraspTM to augmented prototyping technologies, which 
were not covered in this thesis. The posture adopted by users of haptic devices, particularly 
their wrist position, could cause an increased risk of CTS. The wrist angles adopted while 
using 6DOF devices such as the PHANTOwF increase CTP. Analysis of medical records, 
workplace surveys, force I posture analysis and ongoing surveillance should be undertaken to 
further assess this risk. 
10.5.3 Development of appropriate virtual prototyping software 
Further research is needed into the design and development of intuitive and easy-to-use CAD 
systems or, one step up from that, artificial design systems. Is it currently possible? What 
elements would designers want automated and what would they not? The creation of a 
'design methods' and best practice database would be one step towards this goal. This could 
be followed by a comprehensive benchmarking of all the major virtual prototyping options. 
Such a study would provide the much-needed benchmarks to allow independent and objective 
comparisons of available alternatives. This could lead to the development not only of specific 
product evaluation software, but also concept evaluation software (at the early stages of 
design). This could be achieved by using as a starting point the results and evidence gained 
from the studies in this thesis. Research is also needed into the use of physics-based virtual 
environments for product evaluation such as those currently being created in the gaming 
industry and into 3D search tools that allow the user to navigate through complex virtual 
assemblies. Research must ensure that key issues such as usability and interoperability are 
also addressed. 
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The development of virtual prototyping technologies will inevitably lead to the development of 
new design methodologies, which need to be standardised. Such development could possibly 
lead to complete collaborative product lifecycle management. How these technologies and 
software will further affect the product design cycle and what involvement designers and 
consumers will have in these new processes is yet to be seen. 
10.6.5 Virtual representation 
Further research and development is also needed into the representation of material 
properties and their simulation, possibly in a haptic environment. The representation of 
specific (and possibly more complex) product forms, surface textures, reflection and opacity 
has to be improved, as does our understanding of whether they are accurately perceived by 
users. More accurate representation of the functionality of complex products such as mobile 
phones is required; how to achieve this is the question. 
10.6.6 Bridging the technological generation gap 
There is a definite technological generation gap. How can this be bridged? It might be 
possible through training or even through Government initiatives. Research is needed in order 
to prevent older users becoming 'digitally excluded' from IT. Research must take place into 
how virtual prototyping technologies can be developed with older users in mind to allow for 
conditions such as osteoarthritis, rheumatoid arthritis and reductions in visual or auditory 
performance. 
10.7 Contributions to knowledge 
This thesis has presented evidence and provided four key contributions to knowledge. These 
main contributions to knowledge are: 
1. Up-to-date evidence of those virtual prototyping technologies which are used by design 
consultancies, and the methods and models used by consultancies in their product 
evaluation processes. 
2. The prevalence of physiological and psychological discomfort and the user acceptance 
of the use of virtual prototyping technologies for product evaluation. 
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3. Identification of the user requirements for the next generation of virtual prototyping 
technologies for product evaluation. 
4. Identification and ranking of a set of speculative scenarios for the next generation of 
virtual prototyping technologies. 
The four key contributions to knowledge are presented in order of robustness and validity; the 
first contribution was the least robust contribution as the responses received and presented in 
Chapter 6 were limited. The second contribution provided fairly robust evidence from a range 
of participants, although the number of participants was also limited (see Chapters 7 and 8). 
The third and fourth contributions were more robust than the previous ones, having a larger 
response rate and providing extensive validation of the results and speculations presented in 
this thesis. 
-205-
References 
IJ:! LOl;lghh.orough 
.,Umverslty 
3D CONNEXIONS (2004) Available at: <http://www.3dconnexion.com> 18/07/2007. 
AARKID VIRTUAL PRODUCT TOURS (2005) Available at: <http://www.aarkid.com> 
18/07/2007. 
ABERDEEN GROUP (2006) "The Transition from 2D Drafting to 3D Modeling 
Benchmark Report". Available at: <http://www.aberdeen.com> 7/26/2007. 
ABRAS, C., MALONEY-KRICHMAR, D. AND PREECE, J. (2004) "User-Centered Design", 
In: Bainbridge, W. Encyclopedia of Human-Computer Interaction. Thousand Oaks: Sage 
Publications. Available at: <http://www.ifsm.umbc.edu> 10/12/2006. 
ACTUALITY SYSTEMS (2007) Available at: <http://www.actuality-systems.com> 18/07/2007. 
ADOBE (2007) Available at: <http://www.adobe.com> 18/07/2007. 
AGE CONCERN ENGLAND (2007) Available at: <http://www.ageconcern.org.uk> 
04/10/2007. 
AGRAWALA, M., BEERS, A. C., FR"OHLlCH, B., HANRAHAN, P., McDOWALL Y, I. AND 
BOLASY, M. (1997) "The Two-User Responsive Workbench: Support for Collaboration 
through Individual Views of a Shared Space", Stanford University. SIGGRAPH '97. 
ALlBRE INC. (2007) "3D CAD Buyers Guide. A Challenge to Mechanical Designers, 
Engineers and Manufacturers Still Designing In 2D", Available at: <http://www.alibre.com> 
07/03/2007. 
ANIMAZOO UK LTD. (2007) Available at: <http://www.animazoo.com> 04/10/2007. 
ANSYS INC. (2007) Available at: <http://www.ansys.com> 04/10/2007. 
APPLEGATE DIRECTORY LIMITED (2007) Available at: <http://www.applegate.co.uk> 
30/10/2007. 
-206-
ARABE, K. C. (2004) "Major Trends in CAD & CAM", Available at: 
<http://news.thomasnet.com> 13/04/2005. 
Ig Loughborough 
.. University 
ARABE, K. C. (2005) "The Future of CAD/CAM", Available at: <http://news.thomasnet.com> 
01/01/2005. 
ARCHER, L. B. (1965) "Systematic Method for Designers", London: Council of Industrial 
Design, In: Jones, J. C. (1992) "Design Methods", John Wiley & Sons. 
ARENANET INC. (2007) "Guildwars" Available at: <http://www.guildwars.com> 01/10/2007. 
AROMAJET (2007) Available at: <http://www.aromajet.com> 18/07/2007. 
ARTIFICE, INC. (2007) Available at: <http://3d.designcommunity.com/> 04/10/2007 
ARTVPS (2007) Available at: <http://www.artvps.com> 04/10/2007. 
ASAMURA, N. YOKOYAMA, N. AND SHINODA, H. (1998) "Selectively Stimulating Skin 
Receptors for Tactile Display". Tokyo University of Agriculture and Technology, 
IEEE Computer Graphics and Applications, NovemberlDecember, pp. 32-37. Available at: 
<http://www.alab.t.u-tokyo.ac.jp/-shino/research/pdf/1998CGApdf > 
ASCENSION TECHNOLOGY CORP. (2007) Available at: <http://www.ascension-tech.com> 
18/07/2007. 
ASIMOW, M. (1962) "Introduction to Design", New York: Prentice Hall, In: Jones, J. C. (1992) 
"Design Methods", John Wiley & Sons. 
APPLE INC. (2007a) "Hardware and Drivers, Firewire", Available at: 
<http://www.apple.com/firewire> 09/01/2007. 
APPLE INC. (2007b) "Wireless gets more personal", Available at: 
<http://www.apple.com/bluetooth/> 09/01/2007. 
APPLE INC. (2007c) "iphone", Available at: <http://www.apple.com/iphone> 20/09/2007 
-207-
I1=! LOl;lghhprough 
.Umverslty 
AUTODESK INC. {2007} Available at: < http://usa.autodesk.com> 18/07/2007. 
BAECKER, H., et al. {2007} "Curricula for Human-Computer Interaction", ACM SIGCHI. 
Available at: <http://sigchLorg> 07/03/2007. 
BALLAGAS, R., RING EL, M., STONE, M. AND BORCHERS, J. {2003} "iStuff: A Physical 
User Interface Toolkit for Ubiquitous Computing Environments", Proceedings of CHI, pp. 537-
544. 
BAD, J. S., JIN, Y., GU, M. Q., YAN, J. Q. AND MA, D. Z. {2002} "Immersive virtual product 
development". In: Journal of Materials Processing Technology 129, pp. 592-596. 
BARGE, R. A. {2003} "Does driving in body armour alter the prevalence of back discomfort 
amongst Police Officers of the Northamptonshire Police Force", MSc Ergonomics Project, 
Loughborough University. 
BARGE, R. A., CAMPBELL, R. I., BADNI, K. S. {2007} "The feasibility of consumer 
evaluation of products using virtual prototyping technologies". In proceedings of the 3rd 
International Conference on Advanced Research in Virtual and Rapid Prototyping, Leiria, 
Portugal, 24-29 September, pp. 709 - 716. 
BARNES, R. M. (1963) "Motion and time study", (5th ed.) New York. Wiley. 
BARR, R. E. AND JURICIC, D. (1997) "A CADICAM Laboratory experience for a lower-
division engineering design graphics course", Mechanical Engineering Department. The 
University of Texas at Austin. Available at: <http://www.ineer.org> 17/10/2004. 
BBC NEWS {2005} Available at: <http://news.bbc.co.ukl1/hi/technology/4576763.stm> 
20109/2007. 
BEDWORTH et al. (1991) "Computer-Integrated Design and Manufacturing", McGraw Hill. 
BELKIN INTERNATIONAL INC. {2007} Available at: <http://www.belkin.com/uk> 11/5/2007 
-208-
IJ:I: Loughborough 
• University 
BENNETT, G. R. (1997) "The application of virtual prototyping in the development of complex 
aerospace products". Aircraft Engineering and Aerospace Technology, Vol. 69, No. 1, pp. 19-
25, MCB University Press. 
BETHESDA SOFTWORKS (2007) "The Elder Scrolls IV: Oblivion" Available at: 
<http://www.elderscrolls.com> 01/10/2007. 
BIRKELAND, J. (2002) "Design for sustainability: A sourcebook of integrated eco-Iogical 
solutions", London: Earthscan. 
BLUETOOTH (2007) Available at: <http://www.bluetooth.com/bluetooth> 20109/2007 
BL YTHE, J. (1999) "Innovativeness and newness in high-tech consumer durables", In: 
Journal of Product & Brand Management, Vol. 8, No. 5, pp. 415-429. 
BOEING (2007) Available at: <http://www.boeing.com> 101712007. 
BONASPACE, L. (1999) "The ergonomics of pleasure", In: Green, W. S., Jordan, P. W. (eds). 
"Human Factors in Product Design, Current Practice and Future Trends", London: Talyor & 
Francis, pp. 234-248. 
BOSTON DYNAMICS (2007) Available at: <http://www.bdLcom> 04/10/2007. 
BOUZIT, M., BURDEA, G., et al. (2002) "The Rutgers Master 11 - New Design Force-
Feedback Glove", IEEE/ASME Transactions on Mechatronics, Vol. 7, No. 2, June. Available 
at: <http://lims.mech.northwestern.edu> 09/07/2005. 
BOZDOC, M. (2000) "iMB: Resources and information fro professional designers", Available 
at: <Http://mbinfo.mbdesign.netlCAD1960.htm> 18/07/2007. 
BRACE, J. (2004) "Questionnaire Design", London: Koln: DuMont. 
BRANTON, P. (1969) "Sitting posture", Taylor & Francis. 
BREJCHA, B. (2003a) "It will spread like Wildfire -Review", Available at: <http://www.design-
engine. corn> 03/02/2007. 
-209-
IJ:l: Loughborough 
., University 
BREJCHA, B. (2003b) "Battle of the Bands-a 3d CAD software shootout", IDSA Chicago. 
Available at: <http://www.design-engine.com> 03/02/2007. 
BRIAN L., B. (2004) "Force feedback LCD from Hitachi" (eds). Available at: 
<http://www.gizmodo.com> 9/6/2005. 
BRIDGER, R. S. (2003) "Introduction to Ergonomics" (2nd ed.), Taylor & Francis. 
BROOKE, J. (1996) "SUS - A quick and dirty usability scale". Available at: 
<http://users.encs.concordia.ca > 21/02/2007. 
BROOKS, F. P., OUH-YOUNG, M., BATTER, J. J. AND KILPATRICK, P. J. (1990) "Project 
GROPE: haptic displays for scientific visualization", Computer Graphics: Proceedings of 
SIGGRAPH '90, pp. 177-85. 
BROWN, A. (2007) Available at: <http://www.udel.edu> University of Delaware. 14/02/2007. 
BRUCKS, M. (1985) "The Effects of Product Class Knowledge on Information Search 
Behaviour". In: Journal of Consumer Research. Vol. 12 (June), pp. 1-16. 
BRUSEBERG. A, McDONAGH-PHILP, D. (2001a) "Focus Groups to support the 
Industrial/Product Designer: A review based on current literature and designers' feedback", 
Design Research Group, Department of Design and Technology, Loughborough University. 
Available at: <http://www.lboro.ac.uk> 01/03/2006. 
BRUSEBERG, A., McDONAGH-PHILP, D. (2001 b) "New product development by eliciting 
user experience and aspirations", In: International Journal of Human-Computer Studies, Vol. 
55, pp. 435-452. 
BRUSEBERG, A., McDONAGH-PHILP, D. (2007) "Developing a tool kit to support 
collaboration for new product development", Available at: <http://www.cs.bath.ac.uk> 
02/03/2007. 
-210-
!IQ Loughborough 
• University 
BURDEA, G. C. (2000) "Haptic Feedback for Virtual Reality", The State University of New 
Jersey, CAIP Center. Available at: <http://www.caip.rutgers.edu> (Based on the paper with 
the same title presented at the Virtual Reality and Prototyping Workshop, June 1999, Laval 
(France». 
BURKE, R. et al. (1992) "Comparing Dynamic Consumer Choice in Real and Computer-
simulated Environments", In: Journal of Consumer Research, Vol. 19, (June), pp. 71-82. 
BUTTERS, L. M., DIXON, R. T. (1998) "Ergonomics in consumer product evaluation: an 
evolving process", Applied Ergonomics, Vol. 29, No. 1, pp. 55-58. 
BUURMAN, R. (1997) "User centred design of smart products", Ergonomics, Vol. 40, No. 10, 
pp. 1159-1169. 
CADCHAT.COM (2007) Available at: <http://www.cadchat.com> 04/10/2007. 
CAD KEY (2007) "Kubotek" Available at: <http://www.cadkey.com/> 10/1/2007. 
CAD PRO E FORUM (2007) Available at: <http://www.cadproe.com/forum> 04/10/2007. 
CAD USER MECHANICAL MAGAZINE (2007) "Competing with Reality?" Vol. 19 No. 
06 Available at: <http://www.caduser.com> 09/0312007. 
CAMPBELL, R. I. (2003) "Real-time integration of virtual and physical prototyping", In: 
proceedings of the 1 st International Conference on Advanced Research in Virtual and Rapid 
Prototyping, pp. 31-37. 
CHOI, S. H. AND CHEUNG, H. H. (2006) "A CAVE-based Multi-Material Virtual Prototyping 
System". The University of Hong Kong, In International Journal of Computer-Aided Design & 
Applications, Vol. 3, No. 5, pp. 557-566. 
CHUA C. K., LEONG, K. F. (1997) "Rapid Prototyping: Principles and Applications in 
Manufacturing", pp. 2-11, John Wiley. In: Chua, C. K., Teh, S. H. and Gay, R. K. L., "Rapid 
Prototyping Versus Virtual Prototyping in Product Design and Manufacturing", International 
Journal of Advanced Manufacturing Technology, Vol. 15, pp. 597-603, 1999. Springer-
Verlag. London. 
-211-
IJ:! L0l!ghb.orough 
.Umverslty 
CHUA, C. K., TEH, S. H. AND GAY, R. K. L. (1999) "Rapid Prototyping Versus Virtual 
Prototyping in Product Design and Manufacturing". International Journal of Advanced 
Manufacturing Technology, Vol. 15, pp. 597-603. Springer-Verlag. London. 
CIAO GMBH (2007) Available at: <http:/www.ciao.co.uk> 20109/2007. 
CIMDATA INC. (1998) "Product Data Management the Definition", CIMdata, Arbor, A. 
Available at <http://www.CIMdata.com> In: McMahon, C. Browne, J., "CAD CAM: Principles, 
practice and manufacturing management" (2nd ed.), Addison-Wesley. 
CLARKE, A. (1999) "Evaluation Research", London: Sage. 
CLAYTON, M. J., KUNZ, J. C. AND FISCHER, M. A. (1996) "Rapid Conceptual Design 
Evaluation Using a Virtual Product Model". In Engineering Applications of Artificial Intelligence, 
Vol. 9, No. 4, pp. 439-451. 
COMPACT LAW (2007) Available at: <http://www.compactlaw.co.uk> 19/09/2007. 
COOPER, R. G., KLEINSCHMIDT E. J., (1986) "An Investigation into the New Product 
Process: Steps, Deficiencies and Impact", Journal of Product Innovation Management, Vol. 
3, No. 2 (June), pp. 71-85 (15). 
CORLETT, E. N., BISHOP, R. P. (1976) "A Technique for Assessing Postural Discomfort", 
Ergonomics, Vol. 2, pp. 175-182. 
COSPACES PROJECT CONSORTIUM (2006) Available at: <http://www.cospaces.org> 
10/112007. 
CRAWFORD, C. M. (1997) "Evaluating New Products: A System, Not an Act", In: Hart, S. 
"New Product Development: A Reader", pp. 338-347. The Dryden Press. 
CRISPEN, B (2000) "VRML works" Available at: <http://vrmlworks.crispen.org> Saturday, 
March 4, 2000. 
-212-
11! L01;lghb.orough 
.Umverslty 
CROSS, N. et al. (1983) "Design: Processes and Products Course Units", Open University 
Press. In: Norman, E., Cubitt, J., Urry, S., Whittaker, M., Advanced Design and Technology 
(2nd ed.), Longman, 1995. 
CRUZ-NEIRA, C., SANDIN, D. J. AND DEFANTI, T. A. (1993) "Surround-Screen Projection-
Based Virtual Reality: The Design and Implementation of the CAVE Electronic Visualization 
Laboratory (EVL)", The University of Illinois at Chicago. Proceedings of the 20th annual 
conference on Computer graphics and interactive techniques, pp. 135 - 142, SIGGRAPH. 
DAI, F. et al. (1996) "Virtual prototyping examples for automotive industries". In Virtual Reality 
World '96. 
DAILY SCIENCE NEWS (2005) "New graphic displays for the blind", Available at: 
<http://www.sciencenewsdaily.org> 09/08/2005. 
DASSAULT SYSTEMES (2007) Available at: <http://www.3ds.com> 01/10/2007. 
DELL (2007) Available at: <http://www.dell.com> 01/10/2007. 
DELP, S. L., LOAN, J. P., BASDOGAN, C. AND ROSEN, J. M. (1997) "Surgical simulation: 
an emerging technology for emergency medical training", Presence: Teleoperators and Virtual 
Environments, Vol. 6, pp. 147-59. 
DESIGN COUNCIL (2007) "An introduction to packaging design". Available at: 
<http://www.designcouncil.org.uk> 20109/2007. 
DESMET, P. (2002) "Designing Emotions", Delft University of Technology, Department of 
Industrial Design, In: Person, O. "Understanding emotional response to product form-
studying the relationship between emotion profiles and product format", 2003. 
DIMENSION TECHNOLOGIES INC. (2007) Available at: <http://www.dti3d.com> 
18/007/2007. 
DODDS, W. B., MONROE, K. B. AND GREWAL, D. (1991) "Effects of Price, Brand, and 
Store Information on Buyers' Product Evaluations", In: Journal of Marketing Research, Vol. 28, 
No. 3 (August), pp. 307-319. 
-213-
Ig Loughborough 
., University 
DOLLNER, G., KELLNER, P., TEGEL, O. (2000) "Digital Mock-up and Rapid Prototyping; In 
Automotive Product Development". In: Journal of Integrated Design and Process Science, 
Transactions of the SDPS, Society for Design and Process Science, March, Vol. 4, No. 1, pp. 
55-66. 
DOWLING, G. R. (1986) "Perceived risk: The concept and its Measurement", Psychology and 
Marketing, Vol. 3, pp. 193-210. 
DRASCIC, D., MILGRAM, P. (1996) "Perceptual Issues in Augmented Reality", Ergonomics in 
Teleoperation and Control Laboratory. Department of Mechanical and Industrial Engineering, 
University of Toronto, In: SPIE Vol. 2653: Stereoscopic Displays and Virtual Reality Systems 
Ill, (January - February) 1996, pp. 123-134. 
DUTSON, A. J., WOOD, K. L. (2005) "Using rapid prototypes for functional evaluation of 
evolutionary product designs". In: Rapid Prototyping Journal, Vol. 11, No. 3, pp. 125-131. 
EARNSHAW, R. A., GIGANTE, M. A. AND JONES, H. (1993) "Virtual Reality Systems", 
Academic Press, Harcourt Brace & Company. 
EASTMAN, M. C., KAMON E. (1976) "Posture and subjective evaluation at flat and slanted 
desks". Human Factors, Vol. 18, No. 1, pp. 15-26. 
EIKELEN, N. et al. (2004) "Science and design - two sides of creating a product experience", 
TNO Industrial Technology, The Netherlands, In: McDonagh, D. et al. 2004. pp. 98-103. 
ELIZABETH J., et al. (2007) "A Comparative Analysis of Heuristic and Usability Evaluation 
Methods". Available at: <http://www.stc.org/confproceed/1997/PDFs/0140.pdf> 9/14/2007. 
ELLlS, S. R. (1995) "Human Engineering in Virtual Environments", In: proceedings of Virtual 
Reality World Conference, Sttutgart, Germany, pp. 295-301. In Wang, G. G., "Definition and 
Review of Virtual Prototyping", In: Journal of Computing and Information Science in 
Engineering. Vol. 2, Issue 3, pp. 232-236. September 2002. 
ENGEL, J. F., BLACKWELL, R. D. AND MINIARD, P. W. (1995) "Consumer Behaviour", (8th 
ed.) Dryden Press. 
-214-
IJ:l: LOl;lghhprough 
.,Umverslty 
ERGONOMIC TECHNOLOGIES CORPORATION (2007) "Ergonomic Efficiency Testing Two-
Handed vs. One-Handed CAD Working Styles". Available at: 
<http://3dconnexion.mnl.com/docs/ergo_study.pdf> 18/09/2007. 
ERGOS-TECHNOLOGIES (2007) Available at: <http://www-acroe.imag.fr/ergos-
technologies> 04/10/2007. 
EUROPEAN DESIGN INNOVATIONS LTD (2005) Available at: 
<http://www.designdirectory.co.uk> 02/10/2005. 
EVANS, M. A., CHESHIRE, D. G. AND DEAN, C. J. (2001) "Haptic Modeling -An Alternative 
Industrial Design Methodology?" Available at: 
<http://www.eurohaptics.vision.ee.ethz.ch/2001/cheshire. pdf> 15/05/2006. 
EVANS, M. J., FRED VAN RAAIJ, W. AND MOUTINHO, L. (1996) "Applied consumer 
behaviour", Addison-Wesley. 
EVANS, M. A., WALLACE, D., CHESHIRE, D. AND SENER, B., (2005) "An evaluation of 
haptic feedback modelling during industrial design practice". Design Studies, Vol. 26, Issue 5, 
pp. 487-508. 
E WEB DESIGNS (2007) "Psychological responses to colour", Available at: 
<http://www.ewebdesigns.ca/web-design/psych_ colour. ihtml> 14/02/2007. 
FAKESPACE SYSTEMS INC (2007) Available at: <http://wwwJakespace.com> 18/07/2007. 
FALVO, M. R., et al. (1996) "The nanomanipulator: a teleoperator for manipulating materials 
at the nanometer scale", In Proceedings International Symposium on the Science and 
Technology of Atomically Engineered Materials, World Scientific Publishing, Singapore, pp. 
579-86. 
FEDERAL AVIATION ADMINISTRATION (FAA) (2007) "Human factors workbench" 
Available at: 
<http://www2.hf. faa. gov/workbenchtools/default. aspx?rPage=T ooldetails&tooll 0=292> 
20109/2007 
-215-
If! Loughborough 
• University 
FEDERICI, L. (1999) "How 3D Scanning Technology Impacts Product Development", In the 
proceedings of the Rapid Prototyping and Manufacturing '99 conference. Available at: 
<http://www.scansite.com/artmar19.html> 11/10/2006. 
FIFTH DIMENSION TECHNOLOGIES (2007) Available at: <http://www.5dt.com> 22/07/2007. 
FLETCHER, R. (1996) "Force transduction materials for human-technology interfaces", IBM 
Systems Journal, Vol. 35, No's. 3&4, pp. 630-638. 
FOLlNI, F. (2006) "Top Five Cad Trends", Available at: <http://blog.novedge.com> 
22/01/2006. 
FORAKER DESIGN (2007) "Introduction to Usability". Available at: 
<http://www.usabilityfirst.com> 18/07/2007. 
FORCE DIMENSION (2007) Available at: <http://wwwJorcedimension.com> 18/07/2007. 
FRAUNHOFER, S. A. (2002) "Augmented Prototyping", IGD, CG topics, Available at: 
<http://www.inigraphics.net> 14/04/2006. 
GARDIAL et al. (1994) "Comparing Consumers' Recall of Pre-purchase and Post-purchase 
Product Evaluation Experiences", In: Journal of Consumer Research, Vol. 20, No. 4, (March) 
pp. 548-560. University of Chicago Press. 
GARNER, S., McDONAGH-PHILP, D. (2001) "Problem Interpretation and Resolution via 
Visual Stimuli: The Use of 'Mood Boards' in Design Education", In: The Journal of 
Art and Design Education, Vol. 20, No. 1, pp. 57-64. 
GEORGIA TECH. (2007) "Digital Clay Project" Available at: 
<http://www.gvu.gatech.edu/-jareklimageslDigitaIClay.pdf> 18/07/2007. 
-216-
IJ:! Loughborough 
• University 
GEURER, A. (1996) "Einsatzpotential des Rapid Prototyping in der Produktentwickelung". 
Springer Verlag, Berlin. In Verlinden, J. and Horvath, I (2007) "Augmented Prototyping as a 
means for industrial design - A multiple case analysis." In Virtual and Rapid Manufacturing: 
Proceedings of the 3rd International Conference on Advanced research in Virtual and Rapid 
Prototyping, Leiria, Portual, 24-29 September, pp. 739-746. 
GIBSON, I., GAO, Z. AND CAMPBELL, R.I. (2005) "A Comparative Study of Virtual 
prototyping and Physical Prototyping", In International Journal of Manufacturing Technology 
and Management, Vol. 6, No. 6, pp. 503-522. 
GIRONIMO, G. D., LANZOTTI, A. AND VANACORE, A. (2006) "Concept design for quality in 
virtual environment", In: Computers & Graphics, Vol. 30, pp. 1011-1019. 
GIZMODO (2007) Available at: <http://www.gizmodo.com/archives/force-feedback-Icd-from-
hitachi-022170. php> 14/09/2007. 
GOOGLE (2007) Available at: <http://www.google.co.uk> 10/4/2007. 
GOULD, J. D., LEWIS, C. (1985) "Designing for usability: Key principles and what designers 
think", Communications of the ACM, Vol. 29, No. 3, pp. 300-311. 
GRANDJEAN, E. (1969) "Sitting posture". Taylor & Francis. 
GRIMM, T. (2005) "Virtual Versus Physical: Will Computer-Generated Virtual Prototypes 
Obsolete Rapid Prototyping?", "Perspectives", a monthly column for "Time-Compression 
Technologies." (May), Available at: <http://www.timecompress.com> 04/03/2007. 
GRIMSJETH, K. (2005) "Kansei Engineering: Linking emotions and product features". 
Department of Product Design, Norwegian University of Science and Technology. Available 
at: 
<http://www.ivt.ntnu.no/ipd/fag/PD9/2005/artikler/PD9%20Kansei%20Engineering%20K_Grim 
sath.pdf> 20109/2007. 
GREENE C et al. (2001) "The merits of Mixing Methods in Evaluation", In: Evaluation: The 
international Journal of Theory, Research & Practice. Vol. 7, No. 1, pp. 25-44, Sage 
Publications. 
-217-
IJ:J: Loughborough 
., University 
GREEN, J. H., SILVER, P. H. S., (1981) "An Introduction to Human Anatomy", Oxford 
University Press. 
GREEN LEAF, E. A., LEHMANN, D. R. (1995) "Reasons for Substantial Delay in Consumer 
Decision Making", In: Journal of Consumer Research, Vol. 22, No. 2, (Sept), pp. 186-199. 
University of Chicago Press. 
GUTMAN, J. A. (1982) "Means-End Chain Model Based on Consumer Categorization 
Processes", In: Journal of Marketing, Vol. 46 (Spring), pp. 66-72. 
HAPTION (2007) Available at: <http://www.haption.com> 04/10/2007. 
HART, S. (1997) "New Product Development: A Reader". The Dryden Press. 
HART, S. G., STAVELAND, L. E. (1998) "Development of NASA-TLX (Task Load Index): 
Results and theoretical research", In: Hancock, P. A., Meshkati, N. (eds), human mental 
workload (pp. 139-183). Amsterdam: Elsevier Science Publishers. 
HARTSON, H. R., HIX, D. (2001) "User Interaction Design Guidelines". Available at: 
<http://courses.cs.vt.edu/-cs5714/faIl2001/notes/pdf/09_usabjnspection.pdf> 20109/2007. 
HAUSER, J. R., CLAUSING, O. (1988) "The house of quality", Harvard 
Business Review (May-June), pp. 63-73. 
HAYMARKET MOTORING (2007) "What Car?". Available at: <http://www.whatcar.co.uk> 
20109/2007. 
HAYWARD, V., ASTLEY, O. R., CRUZ-HERNANDEZ, M., GRANT, D. AND ROBLES DE LA 
TORRE, G. (2004) "Haptic interfaces and Devices", In: Sensor Review, Vol. 24, No. 1, pp. 16-
29. Emerald Group Publishing Limited. Available at: 
<http://www.roblesdelatorre.com/gabrieINH-OA-MC-DG-GR-04.pdf> 04/05/2006. 
HEALTH & SAFETY EXECUTIVE (2007). Available at: <http://www.hse.gov.uk> 16/07/2007. 
-218-
If! Loughborough 
• University 
HERTZBERG, H. T. E. (1958) "Seat comfort: Annotated bibliography of applied physical 
anthropology in human engineering", WADC Technical report, 56-30 Wright Air Development 
Centre, Wright-Patterson Air Force Base, Dayton, Ohio, Appendix 1 pp. 297-300. 
HEWLETT-PACKARD DEVELOPMENT COMPANY (2007) Available at: 
<http://welcome.hp.com/country/uklen/welcome.html> 04/10/2007. 
HITACHI CONSULTING (2005) "The impact of U3D on product lifecycle management", 
Available at: <http://www.adobe.com/manufacturing/pdfs/U3DWhitePaper.pdf> 09/03/2005. 
HOLOMATIX (2007) Available at: <http://www.holomatix.com> 04/10/2007. 
HOLOTOUCH, INC (2007) Available at <http://www.holotouch.com> 20107/2007. 
HORVATH, I. (2007) "Tangible virtual reality for product design". In proceedings of the 3rd 
international Conference on Advanced Research in Virtual and Rapid Prototyping, Leiria, 
Portugal, 24-29 September, pp. 35-46. 
HOWARD, J.A., SHETH, J. N. (1969) "The Theory of Buyer Behaviour", New York. Wiley. 
HOWE, R. (2001) "Introduction to Haptic Display: Tactile display", Harvard University. 
Available at: <http://haptic.mech.northwestern.edu> 04/04/2007. 
14U NEWS (2007) Available at: <http://www.i4u.com> 20109/2007. 
IMMERSION CORP. (2007) Available at: <http://www.immersion.com> 16/07/2007. 
INITION (2007) Available at: <http://www.inition.co.uk> 16/07/2007. 
INTEL CORP. (2007a) "Universal Serial Bus (USB*)" Available at: <http://www.intel.com> 
06/03/2007. 
INTEL CORP. (2007b) Available at: 
<http://www.intel.com/products/processor/core2quadlindex.htm> 
IPSOS MORI (2007) Available at: <http://www.ipsos-morLcom> 7/18/2007. 
-219-
IRIS-3D (2007) Available at: <http://www.IRIS-3D.com> 22/07/2007. 
.~ L0l;lghh.orough 
.,Umverslty 
ISDALE, J. (1998) "3D Scanner Technology Review", VR News, Technology Review, 
August 1 September, Available at: <http://vr.isdale.coml> 06/03/2007. 
ISSA, R. (1999) "Virtual Reality in Construction - State of the Art Report", TG24 Final Report. 
IWATA, H et al. (2001) "Project FEELEX: Adding Haptic Surface to Graphics", Institute of 
Engineering Mechanics and Systems, University of Tsukuba. Available at: 
<http://intron.kz.tsukuba.ac.jp/publish/PDF/SIGGRAPH01.pdf> 04/05/2006. 
JAVA (2007) Available at: <http://java.com> 10/30/2007 
JAYARAM, S., CONNACHER, H.I. AND LYONS, K. W. (1997) "Virtual assembty using 
virtual reality techniques". In: Computer-Aided-Design, Vol. 29, No. 8, pp. 575-584. 
JISCMAIL (2007) Available at: <http://www.jiscmail.ac.uk> 04/10/2007. 
JOHNSON O'CONNOR RESEARCH FOUNDATION (2007) Available at: 
<http://www.jocrf.org> 01/10/2007. 
JOHNSON, S. (2005) "Validating Design Digitally", Article in Desktop Engineering. (product 
manager for the Teamcenter Visualization product line at UGS) (Sept) Available at: 
<http://www.deskeng.com> 06/03/2007. 
JOHNSTON, N. (2006) "Silver Surfer Week 2006 Evaluation Report", Technology & 
Communications Development Manager (Age Concern England). Available at: 
<http://www.silversurfer.org .uk> 06/03/2007. 
JONES, J. C. (1992) "Design Methods", John Wiley & Sons. 
JONES, T. (1997) "New Product Development: an introduction to a multifunctional process", 
Butterworth 1 Heinemann. 
JORDAN, P. W. (2000) "Designing Pleasurable Products: An introduction to the new human 
factors", Taylor & Francis. 
-220-
~ L0';1ghh.orough 
.,Umverslty 
JORDAN, P. W., ENGELEN, H. (1998) "Sound design for consumer products", In: 
proceedings of Stockholm, Hey Listen!, Stockholm: Royal Swedish Music Academy pp. 73-9. 
KACZMAREK, K.A., BACH-Y-RITA, P. (1995) "Tactile displays," In Virtual Environments and 
Advanced Interface Design, W. Barfield and T. Furness, Eds. New York: Oxford University 
Press, pp. 349-414. 
KACZMAREK, K. A., BACH-Y-RITA, P. AND TYLER, M. E. (1994) "Electro tactile haptic 
display on the fingertips: Preliminary results". In Proceedings of 16th Annual International 
Conference IEEE Eng. Med. BioI. Soc., Baltimore, IEEE, pp. 940-941. 
KALAWSKY, R. S. (1993) "The Science of Virtual Reality and Virtual Environments", Addison-
Wesley Publishers Ltd. 
KALAWSKY, R. S. (2000) "Human Factors Aspects of Virtual Design Environments in 
Education: Project Report", JTAP Project 305 - Advanced VR Research Centre, Issue 2 
(February). 
KARWOWSKI, W., MARRAS, W. S. (1998) "The Occupational Ergonomics Handbook". CRC 
Press. 
KAWAKAMI, K., TACHI, M. (1999) "Tactile Feeling Display using Functional Electrical 
Stimulation, " in The Ninth International Conference on Artificial reality and Tele-existence 
(ICAT'99). 
KOCHAN, A. (1999) "Rover's E-Build process assembles cars in the virtual world". In: 
Assembly Automation, Vol. 19, No. 2, pp. 118-120, MCB University Press. 
KRAUSE, F. L., LUDDERMANN, J. (1997) "Virtual Clay Modelling", In: Conference 
Proceedings edited by Pratt, M. J. et al. Product Modelling for computer integrated design and 
manufacture, Vol. 14, pp. 165-175. Chapman & Hall. 
KUORINKA, I. et al. (1987) "Standardised Nordic Questionnaires for the analysis of 
musculoskeletal symptoms", Applied Ergonomics, Vol. 18, pp. 233-237. 
-221-
Ig Loughborough 
• University 
LANGFORD, J. D, McDONAGH, D. (2003) "Focus Groups: Supporting Effective Product 
Development", London, Taylor & Francis. 
LAWRENCE ASSOCIATES INC. (1994) "Virtual Manufacturing User Workshop Technical 
Report", pp. 12-13. In: Wang, G. G., "Definition and Review of Virtual Prototyping". In: Journal 
of Computing and Information Science in Engineering, Vol. 2, No. 3, pp. 232-236, 2002. 
LAWSON, B. (1980) "How Designers Think", Architectural Press, In: Norman E, Cubitt, J. 
Urry, S. Whittaker, M. "Advanced Design and Technology" (2nd Ed), Longman, 1995. 
LECTRA (2007) Available at: <http://www.lectra.com> 10/712007. 
LEDERMAN, S. (2007) "The Touch Laboratory", Queen's University in Kingston, Available at: 
<http://psyc.queensu.ca> 05/01/2007. 
LlNDEN RESEARCH, INC. (2007) Available at: <http://secondlife.com> 01/10/2007 
LlN, S., LEE, Y.-S. AND NARAYAN, R. (2007) "Heterogeneous soft material modelling and 
virtual prototyping with 5-DOF haptic force feedback for product development". In 
proceedings of the 3rd international Conference on Advanced Research in Virtual and Rapid 
Prototyping, Leiria, Portugal, 24-29 September, pp.187-193 
LI, W. D., ONG, S. K., FUH, J. Y. H., WONG, Y. S., LU, Y. Q. AND NEE, A. Y. C. (2004) 
"Feature-based design in a collaborative and distributed environment", CAD, Vol. 36, No. 9, 
pp. 775-797. 
LI, W. D., QIU, Z. M. (2006) "State-of-the-art technologies and methodologies for collaborative 
product development systems", In: International Journal of Production Research, Vol. 44, No. 
13, pp. 2525-2559, Talyor & Francis. 
LOGITECH (2007) Available at: <http://www.logitech.com> 11/512007 
LONGVIEW ADVISORS (2007) Available at: <http://www.longviewadvisors.com> 10/3012007 
-222-
IJ:! Loughborough 
• University 
LOOMIS, J. M., LEDERMAN, S. J. (1986) "Tactual Perception", In: handbook of perception 
and human performance, Vol. 2, cognitive processes and performance, Boff, K. R., Kaufman, 
L., Thomas, J. P., John Wiley and Sons, New York, Chapter 31, pp. 31-41,1986. 
LOUGHBOROUGH UNIVERSITY (2001) BSc Industrial Design and Technology Lecture 
Notes, Learn Server. 
LOUGHBOROUGH UNIVERSITY (2003) MSc Ergonomics Lecture Notes, Learn Server. 
LOUGHBOROUGH UNIVERSITY (2006) MSc Industrial Design and Technology, CAD/CAM 
Models, Students, Anon. 
LUCAS, G. (1999) "Star Wars: The Phantom Menace". 20th Century Fox. 
MACNAUGHTON, INe (2007) Available at: <http://www.nuvision3d.com> 08/07/2007. 
MAHAJAN, V., WIND, J. (1992) "New Product Models: Practice, Shortcomings and Desired 
Improvements", In: Journal of Product Innovation Management, Vol. 9, No. 2, pp. 128-139. 
MARTINI, F. H., BARTHOLOMEW, E. F. (2003) "Essentials of Anatomy & Physiology" (:fd 
Ed.) Prentice Hall. 
MASLOW, A. (1970) "Motivation and Personality" (2nd Ed.), New York: Harper Row, 1970. In: 
Jordan, P. W. "Designing Pleasurable Products: An introduction to the new human factors", 
Taylor & Francis, 2000. 
MATCHETT, E. (1968) "Control of Thought in Creative Work", In: The Chartered Mechanical 
Engineer, Vol. 14, No. 4,1968. In: Jones, J. C. "Design Methods", John Wiley & Sons, 1992. 
McDONAGH, D. et al. (2004) "Design and Emotion: The Experience of Everyday Things", 
Taylor & Francis: New York. 
McELENEY, J. (2004) "The future of CAD: driving revolution in 3D". Available at: 
<http://www.machinedesign.com>JohnMcEleney.CEO.SolidWorks Corp. Concord, Mass. 
-223-
If! L01;1ghb,orough 
.Umverslty 
McELENEY, J. (2007) "The Future of CAD: Listening to product designers to see over the 
horizon", Design Product News. Available at: <http://www.dpncanada.com> 05/02/2007. 
McNEEL (2007) "Rhinoceros" Available at: <http://www.rhino3d.com> 04/10/2007. 
McMAHON, C., BROWNE, J. (1998) "CAD CAM: Principles, practice and manufacturing 
management" (2nd ed.), Addison-Wesley. 
MECHDYNE CORP. (2006) "Mechdyne Companies Provide Northrop Grumman with 
Interactive, Virtual Prototyping System For Catia V5" Available at: 
<http://news.thomasnet.com/companystory/489942> July 11, 2006. 
MENTAL IMAGES (2007) Available at: <http://www.mentalimages.com> 01/10/2007. 
MERCER, D. (1992) "Marketing", Blackwell Business. 
MERCK & CO., INC. (1995) Available at: <http://www.merck.com/mmhe/ 
sec05/ch071/ch071 Lhtml> 18/07/2007. 
METALlB (2007) Loughborough University, Available at: <http://metalib.lboro.ac.uk> 
14/08/07. 
MICHL, J. (2007) "Form Follows WHAT? The modernist notion of function as a carte blanche". 
Available at: <http://www.geocities.com/Athens/2360/jm-eng.fff-hai.html> 20109/2007. 
MICRODYNAMIC SYSTEMS LABORATORY (2007) "Magnetic Levitation Haptic Interfaces". 
The Robotics Institute at Carnegie Mellon University. Available at: 
<http://www.msl.ri.cmu.edu/projects/haptic/haptic_device.phP 9/9/2005> 18109/2007. 
MICROLlNK ENGINEERING SOLUTIONS (2006), Technical Notes: RS232 Serial Port. 
Available at: <http://www.microlink.co.uk> 09112/2006. 
MICROSOFT CORP. (2007) Available at: <http://www.microsoft.com> 20109/2007. 
-224-
I1=! Loughborough 
• University 
MILGRAM, P., KISIHINO, F. A. (1994) "A taxonomy of mixed reality visual displays", IEICE 
Trans. Information systems, Vol. E77-D, pp. 1321-1329. Available at: 
<http://vered.rose.utoronto.ca/people/pauLdirIlEICE94/ieice.html> 09/12/2006. 
MOOG FCS LTD. (2007) Available at: <http://www.fcs-cs.comlrobotics> 04/10/2007. 
MORRIS, C. (1992) "Academic Press Dictionary of Science and Technology" (eds), Academic 
Press Inc. 
MOWEN, J. C., MINOR, M. S. (2001) "Consumer Behaviour: A Framework", Prentice Hall. 
MPB TECHNOLOGIES INC. (2007) Available at: <http://www.mpb-technologies.ca> 
04/1012007. 
NAGAMACHI, M. (1995) "The story of Kansei Engineering", Tokyo: Kaibundo Publishing. In: 
Jordan, P. W. "Designing Pleasurable Products: An introduction to the new human factors", 
Taylor & Francis, 2000. 
NATIONAL INSTITUTE FOR OCCUPATIONAL SAFETY AND HEALTH (NIOSH) (1983) 
"Current intelligence bulletin 38: Vibration Syndrome" (DHHS-NIOSH Publication 83-110). 
Cincinnati, OH. NIOSH. 
NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY (NIST) (2002) Available at: 
<http://www.nist.gov> 09/08/2005. 
NEWSIGHT CORP. (2007) Available at: <http://www.newsight.com> 04/10/2007. 
NIELSEN, J. (1995) "How to Conduct a Heuristic Evaluation", Available at: 
<http://www.useit.com> 29/09/2005. 
NIELSEN, J. (2003) "Usability 101: Introduction to Usability", Available at: 
<http://www.useit.com> 29/09/2005. 
NIELSEN, J., MOLlCH, R. (1990) "Improving a Human-Computer Dialog", Communication of 
the ACM, Vol. 33, No. 3, (March, 1990), pp. 338-348. 
-225-
NINTENDO (2007) Available at: <http://www.nintendo.com> 20109/2007. 
IJ:J: Loughborough 
• University 
NORMAN, D. (1988) "The design of everyday things", New York, Doubleday. 
NORMAN, D. (2004) "Emotional Design", New York, Basic Books. 
NORMAN, D. A., DRAPER, S. W. (1986) (Editors) "User-Centered System Design: New 
Perspectives on Human-Computer Interaction", Lawrence Earlbaum Associates. 
NORMAN, E., CUBITT, J., URRY, S. AND WHITTAKER, M. (1995) "Advanced Design and 
Technology", (2nd Ed.), Longman. 
NORTH. E., DE VOS, R. (2002) "The use of conjoint analysis to determine 
consumer buying preferences: A literature review", In: Journal of Family Ecology and 
Consumer Sciences, Vol. 30, pp. 32-39. 
NORTH, M. N., SESSUM, J. AND ZAKALEV, A. (2004), "Immersive Visualization Tool For 
Pedagogical Practices of Computer Science Concepts: A Pilot Study". Virtual Reality 
Technology Laboratory, Computer Science and Information Systems, Department, Kennesaw 
State University. JCSC Vol. 19, No. 3, January, CCSC, pp. 207-215. 
NORTHROP GRUMMAN (2007) "Touch table", Available at: 
<http://www.ms.northropgrumman.com> 20109/2007. 
NOVINT TECHNOLOGIES, INC. (2007) Available at: <http://home.novint.com> 04/10/2007. 
OLlVEIRA, M., CROWCROFT, J. AND SLATER, M. (2003) "An Innovative Design Approach 
to Build Virtual Environment Systems", Eurographics Association, ACM, International 
Immersive Projection Technologies Workshop, Eurographics Workshop on Virtual 
Environments, Deisinger, J., Kunz, A. (Editors) pp. 143-151. 
OLlVER, R. L. (1980) "A cognitive model of the Antecedents and Consequences of 
satisfaction decisions", In: Journal of Marketing Research, Vol. 17 (Nov), pp. 460-469. 
O'MODHRAIN, M. S. (2000) "Playing by feel: incorporating haptic feedback into computer-
based musical instruments", PhD dissertation, Stanford University In: Hayward, V., Astley, O. 
-226-
RI:! L01;lghh.orough 
.Umverslty 
R., Cruz-Hernandez, M., Grant, D., Robles-De-La-Torre, G. "Haptic interfaces and Devices", 
In: Sensor Review, Vol. 24, No. 1, 2004, pp. 16-29. Emerald Group Publishing Limited. 
OPEN ERGONOMICS (2007) Available at: <http://www.openerg.com> 19/07/2007. 
OTTOSSON, S. (2002) "Virtual reality in the product development process". In: Journal of 
Engineering Design, Vol. 13, No. 2, pp. 159-172. 
PAHL, G., BEITZ, W. (1995) "Engineering Design: A systematic Approach" (2nd eds.), 
Springer. 
PARAMETRIC TECHNOLOGY CORP. (2007) Available at: <http://www.ptc.com> 
16/07/2007. 
PARK, J. AND KHATIB, 0 (2004) "Robust Haptic Teleoperation of a Mobile 
Manipulation Platform". Stanford AI Laboratory, Stanford University, In proceedings of the 9th 
International Symposium on Experimental Robotics 2004 (ISER '04), 18-21 June 2004, Marina 
Mandarin Hotel, Singapore, pp. 543-554. 
PASQUERO, J., HAYWARD, V. (2003) "STReSS: A Practical Tactile Display System with 
One Millimeter Spatial Resolution and 700 Hz Refresh Rate", Centre for Intelligent Machines & 
Dept. of Electrical and Computer Engineering, McGill University. Proceedings of Eurohaptics 
2003. Available at: <http://www.cim.mcgill.cal-jay/index_files/pub_files/JP-VH-EH-03.pdf> 
09/08/2005. 
PAUL Y, M., MITRA, N. J., GIESEN, J., GUIBAS, L. AND GROSS, M. (2005) "Example-
Based 3D Scan Completion", Stanford University. Symposium on Geometry Processing. 
PC MAG (2003) "Devices: Cyberforce System Haptic Hand: Soon you'll be able to touch the 
virtual world", Available at: <http://www.pcmag.com> 09/03/2003. 
PERSON, O. (2003) "Understanding emotional response to product form - studying the 
relationship between emotion profiles and product format", Department of Product Design, 
Norwegian University of Science and Technology. 
-227-
--------------------------------------------------
IJ:I: L0':lghhprough 
.,Umverslty 
PHAM, D., DIMOV, S. (2004) "Rapid Prototyping: A time compression tool", Manufacturing 
Engineering Centre, Cardiff University. Available at: 
<http://www.raeng.org. uklnews/publicationslingenia/issue 17/Pham. pdf> 09/08/2005. 
PHEASANT, S. (1996) "Bodyspace" (2nd eds.), Taylor & Francis. 
PILLER, F. et al. (2003) "Co-Designing the Customer Interface: Learning from Exploratory 
Research", Adidas Salomon AG, Herzogenaurach. TUM Business School, Department of 
General and Industrial Management, Technische Universitaet Muenchen. TUM Business 
School. 
pons, A. (2000) "Phantom-Based Haptic Interaction", Available at: 
<http://cda. morris. umn.edu/-lopezdrlseminarlspring2000/potts. pdf> 09/08/2005. 
PRAWEL, D (2007) "Interoperability isn't (yet), and what's being done about it". In 
proceedings of the 3rd international Conference on Advanced Research in Virtual and Rapid 
Prototyping, Leiria, Portugal, 24-29 September, pp. 47-50. 
PROCTER & GAMBLE (2003) Available at: <http://www.pg.com> 15/10/2003. 
PROVISION (2007) "Holovision" Available at: <http://www.provisionentertainment.com> 
27/09/2007. 
PUGH, S. (1991) "Total Design". Essex: Addison-Wesley Publishing Company Inc. 
PYE, D. (1914) "The Nature and aesthetics of design". Bethel: Cambium Press 
QSR INTERNATIONAL (2007) 'Nvivo 7'. Available at: <http://www.qsrinternational.com/> 
21/09/2007. 
QUINION, M. (1996) "Haptic, World Wide Words", Available at: 
<Http://www.worldwidewords.org/weirdwords/ww-hap1.htm> 09/06/2005. 
REAL D (2007) Available at: <http://www.reald-corporate.com> 04/10/2007. 
-228-
IJ:J: Loughborough 
• University 
REED BUSINESS INFORMATION lTD. (2007) Available at: <www.kellysearch.co.uk> 
18/07/2007. 
REVEllE, J. B. et al. (1998) "The QFD handbook". New York; Chichester: Wiley. 
ROBINSON, M., JENKIN, M. R. AND AlLlSON, R. S. (2003) "A vision-based head tracking 
system for fully immersive displays", The eurographics association, pp. 179-187. International 
immersive projection technologies workshop, eurographics workshop on virtual environments. 
Desinger, J., Kunz, A. (editors). 
ROBSON, C., (2002) "Real world Research", (2nd eds.), Blackwell Publishing. 
ROVAN, B. AND HAYWARD, V. (2000), "Typology of tactile sounds and their synthesis in 
gesture driven computer music performance", In: Wanderley, M., Battier, M. (Eds), In: ''Trends 
in Gestural Control of Music", IRCAM, Paris, pp. 297-320. 
ROYAL DOUlTON (2007) Available at: <http://www.royaldoulton.com> 04/10/2007. 
RUSINKIEWICZ, S., HAll-HOlT, O. AND lEVOY, M. (2002) "Real-Time 3D Model 
Acquisition", Stanford University. ACM Transactions on Graphics (TOG). 
SAMMIE CAD LIMITED (2004) Available at: 
<http://www.lboro.ac.ukldepartments/cd/docs_dandtlresearch/ergonomics/sammie/home.htm> 
20109/2007. 
SANDERS, E. B. N. (1992) "Converging Perspectives: Product Development Research for the 
1990s", In: Design Management Journal, pp.49-54. 
SANDERS, E. B. N. (2002) "From User-Centered to Participatory Design Approaches", 
SonicRim. In: Design and the Social Sciences, Frascara, J. (ed.), Taylor & Francis Books 
Limited. 
SANDERS, M. S., McCORMICK, E. J. (1983) "Human Factors in Engineering and Design", 
(5th eds.), Auckland: McGraw-Hill. 
-229-
.~ L01;lghh.orough 
.Umverslty 
SAUERWEIN, E., BAILOM, F., MATZLER, K. AND HINTERHUBER, H. H. (1996) "The Kano 
Model: How to Delight your customers". Department of Management, University of Innsbruck. 
In: Preprints Volume I of the IX. International Working Seminar on Production Economics, 
Innsbruck Ilgls 1 Austria, February 19-23, pp. 313 -327. 
SCRIVEN, M. (1967) ''The methodology of evaluation", In: R.W Tyler et al. "Perspectives on 
curriculum evaluation", Chicago IL. Rand McNally. 
SCRIVENER, S. A.R. et al. (2000) "Collaborative Design", In: Proceedings of CoDesigning 
2000, Springer. 
SIEMENS PLC (2007) Available at: <http://www.siemens.co.uk> 9/20/2007. 
SGI (2007) "SGI Computers" Available at: <http://www.sgLcom> 14/09/2007. 
SHARING EXPERIENCES IN ENGINEERING DESIGN (SEED) (1984) "Curriculum for 
Engineering Design -Undergraduate Courses-": Proceedings of the Working Party, In Norman 
et al., 1995. 
SEEREAL TECHNOLOGIES (2007) Available at: <http://www.seereal.com> 16/07/2007. 
SELLERS, B. (2003) "Fundamentals of Biomechanics", MSC Ergonomics Lecture Notes, 
Loughborough University, Learn Server. 
SENER, B. (2004) "Enhancing the form creation capabilities of digital industrial design tools", 
PhD Thesis, Loughborough University. 
SENSABLE TECHNOLOGIES INC. (2007) Available at: <http://www.sensable.com> 
08/03/2007. 
SHACKEL, B., CHIDSEY, K. D., SHIPLEY, P. (1969) ''The assessment of chair comfort", In: 
Proceedings of the symposium on sitting posture, Taylor & Francis. 
SHAH, J., MANTYLA, M. (1995) "Parametric and Feature Based CAD/CAM" , John Wiley & 
Sons, New York. 
-230-
IJ:! L01;1ghh.omugh 
.Umverslty 
SHARP LABORATORIES OF EUROPE (2007) Available at: 
<http://www.sle.sharp.co.uklresearch/opticaUmaging/3d_research.php> 04/10/2007. 
SHERRY, L., MYERS, K. M. (1998) "The dynamics of collaborative design", IEEE 
Transactions on Professional Communication, Vol. 41, No. 2, pp. 123-139. 
SHIMIZU Y. I. et al. (1991) "Models and Prototypes: clay, plaster, styrofoam, paper Cl. Graphic-
sha Publishing, Tokyo. 
SIMERAL E. J., BRANAGHAN. R. J. (1997) "A Comparative Analysis of Heuristic and 
Usability Evaluation Methods", In: Proceedings of Conference of Society for technical 
communication, Available at: <http://www.stc.org > 25/06/2004. 
SODERMAN, M. (2005) "Virtual reality in product evaluations with potential customers: An 
exploratory study comparing virtual reality with conventional product representations". In: 
Journal of Engineering Design, Vol. 16, No. 3, June, pp. 311-328. Volvo Technology 
Corporation, Sweden. 
SOLlDWORKS CORP. (2007) Available at: <http://www.solidworks.com> 18/07/2007. 
SONICRIM, A (2003) "Human-Centered Design Revolution: Rethinking the Design Process", 
Available at: <http://smart.uiah.filluotain/pdf/sanders.pdf> 12/05/2005. 
SONY CORP. (2005) Available at: <http://www.sony.co.uk> 09/04/2005. 
SPACECLAIM CORP. (2007) Available at: <http://www.spaceclaim.com> 01/10/2007. 
SPINA, G. et al. (2002) "A model of co-design relationships: definitions and contingencies". 
International Journal of Technology Management, Vol. 23, No. 4, pp. 304-321. 
STANDARD PERFORMANCE EVALUATION CORP. (2007) Available at: 
<http://www.spec.org> 19/07/2007. 
STANNEY, K. M. (2002) "Handbook of Virtual Environments Design, Implementation, and 
Applications", Lawrence Erlbaum Associates, Publishers: London. 
-231-
If! L0':1ghh,orough 
.Umverslty 
STARCK, P. (2007) Available at: <http:www.philippe-starck.com> 20109/2007. 
STARK, J. (2006) "Product Lifecycle management: 21 st century paradigm for product 
realisation", Springer (3rd eds.). 
STONE, R. J. (2004) "Haptic Feedback: A Potted History, From Telepresence to Virtual 
Reality", Available at: <http://www.dcs.gla.ac.uk> 25/06/2004. 
SUN MICROSYSTEMS (2007) Available at: <http://www.sun.com> 20109/2007. 
SURVEYSHARE (2007) Available at: <http://www.surveyshare.com> 11/06/2007. 
T3 (2007) Available at <http://www.t3.co.uk> 20109/2007. 
TACTILE DISPLAYS RESEARCH GROUP (2007) Available at: 
<http://kaz.med.wisc.edu/tdrg/tdrg.html> 20109/2007. 
TEAGUE, P. E. (2005) "CAD Will Get Easier. Virtually every developer is taking steps to 
improve their user interface-and facilitate design collaboration", In: Design News, Available 
at: <http://www.designnews.com> 10101/2005. 
TECHNOMATIX (2007) "Jack human modeling and simulation 
Virtual people, virtual places, real solutions". Available at: <http://www.ugs.com> 9/1812007. 
THE BALANCED SCORECARD INSTITUTE (2007) "Basic Tools for Process Improvement: 
Module 4: Affinity Diagram". Available at: <http://www.balancedscorecard.org> 20109/2007. 
THE HEALTH AND SAFETY (DISPLAY SCREEN EQUIPMENT) REGULATIONS (1992) 
Statutory Instrument (1992), No. 2792, The Stationery Office Limited. 
THE MANUFACTURER US, (2006) "Design and innovation", Rapid product development. 
Magazine Article. 
THE NOISE AT WORK REGULATIONS (UK) (1989) Statutory Instrument (1989), No. 1790, 
The Stationery Office Limited. 
-232-
·~ Loughborough 
• University 
TOPALlAN, A. (1984) "Industrial design project evaluation", In: Evaluation, Gregory, S. A. et 
al., Langdon, R. (eds). Proceedings of the Evaluation section of International Conference on 
Design Policy, Vol. 4, RCA (July). 
TSENG, M. M., JIAO, J. AND SU, C. J. (1998) "Virtual prototyping for customized product 
development". In: Integrated Manufacturing Systems, Vol. 9, No. 6, pp. 334-343. 
TUIKKA, T., SALMELA, M. (1998) "Facilitating designer-customer communication in the 
World Wide Web". In: Internet Research: Electronic Networking Applications and Policy, Vol. 
8, No. 5, pp. 442-451. 
UGS CORP. (2007) Available at: <http://www.ugs.co.uk> 18/07/2007. 
UK DEPARTMENT OF TRADE AND INDUSTRY (1985) "Child data". 
UK DEPARTMENT OF TRADE AND INDUSTRY (1998) "Adult data". 
UK DEPARTMENT OF TRADE AND INDUSTRY (2000) "Older Adult data". 
UK DEPARTMENT OF TRADE AND INDUSTRY (2002) "Strength Data for Design Safety", 
Phase 1 and Phase 2. 
UK NATIONAL STATISTICS (2007) Available at: <http://www.statistics.gov.uk> 19/07/2007. 
UNIVERSITY OF HEIDELBURG (2005) "VTD - Virtual Tactile Display", Kirchhoff Institute for 
physics. Available at: <http://www.kip.uni-heidelberg.de/vision/projectslrecentltvss/vtd.html> 
21/11/2005. 
U.S. DEPARTMENT OF HEALTH & HUMAN SERVICES (2007) Available at: 
<http://www.usability.gov> 20109/2007. 
VERLlNDEN, J. C., et al. (2003) "WARP (Workbench for Augmented Rapid Prototyping) 
Development of a flexible augmented prototyping system", I n: Journal of WSCG, Vol. 11, 
Czech Republic. 
-233-
·~ Loughborough 
• University 
VERLlNDEN, J. C. AND HORVATH, I. (2007) "Augmented Prototyping as a means for 
industrial design - A multiple case analysis." In Virtual and Rapid Manufacturing: Proceedings 
of the 3rd International Conference on Advanced research in Virtual and Rapid Prototyping, 
Leiria, Portual, 24-29 September, pp. 739-746. 
VERLlNDEN, J., HORVATH, I. AND EDELENBOS, E. (2006) "Treatise of Technologies for 
Interactive Augmented Prototyping", In: Proceedings of Tools and Methods of Competitive 
Engineering, pp. 523-536. 
VERLlNDEN, J., VAN DEN ESKER, W., WIND, L. AND HORVATH, I. (2004) "Qualitative 
Comparison of Virtual and Augmented Prototyping of Handheld Products ", In: Proceedings of 
Design, pp. 533-538. 
VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY (2002) "IEEE 802.11 
(Standard for Wireless LAN's)", Centre for wireless communications, Available at: 
<http://www.cwt.vt.edu/faq/80211.htm> 19/03/2004. 
VICON (2007) Available at: <http://www.vicon.com> 15/07/2007. 
VIRTALlS (2007) Available at: < http://www.virtalis.co.uk> 18/07/2007. 
WACOM COMPANY lTD. (2007) Available at: < http://www.wacom.com> 18/07/2007. 
WAllIS, G. (2006) "Internet spending: measurement and recent trends. Use of the Internet 
by both consumers and businesses", Economic Trends, No. 628, pp. 65-75. Available at: 
<http://www.statistics.gov.uk> 07101/2007. 
WANG, G, G. (2002) "Definition and Review of Virtual Prototyping", In: Journal of Computing 
and Information Science in Engineering. Vol. 2, Issue 3. pp. 232-236. 
WATTS, R. D. (1992) "The Elements of Design", In: The Design Method (Edited by Gregory, 
S.) London: Butterworths. 1966. In: Jones, J. C. "Design Methods", John Wiley & Sons, 1992. 
WEB 3D CONSORTIUM (2007) Available at: <http://www.web3d.org> 10/412007. 
-234-
I!! L01;lghh.orough 
• Umverslty 
WEBSTER Ill, R. J., MURPHY, T. E., VERNER, L. N. AND OKAMURA, A. M. (2005) "A 
Novel Two-Dimensional Tactile Slip Display: Design, Kinematics, and Perceptual 
Experiments", ACM Transactions on Applied Perception, Vol. 2, No. 2. 
WEDGWOOD (2007) Available at: <http://www.wedgwood.com> 04/10/2007. 
WEINER E. S. C., SIMPSON J. A. (1989) "The Oxford English Dictionary" (2nd eds.), 
Clarendon Press: Oxford. 
WHICH? (2007) Available at: <http://www.which.co.uk> 20109/2007. 
WILSON, J. R., CORLETT, N. E. (1995) "Evaluation of Human Work: A practical ergonomics 
methodology", 2nd Eds., Taylor & Francis. 
WILSON, P. (1991) "Computer Supported Cooperative Work: An Introduction", Oxford; 
Intellect (UK) 1 Dordrecht: Kluwer. 
WOHLERS, T. (2003) "Past, Present, and future of Rapid Prototyping", In: Proceedings of 1st 
International Conference on Advanced Research in Virtual and Rapid Prototyping, pp. 19-22. 
YOUNG, S., FEIGIN, B. (1988) "Using the Benefit Chain for Improved Strategy Formulation", 
In: Journal of Marketing, Vol. 39 (July) pp. 72-4. In: Zeithaml, V. A. "Consumer Perceptions of 
Price, Quality, and Value: A Means-End Model and Synthesis of Evidence", In: Journal of 
Marketing, Vol. 52, No. 3 (July), pp. 2-22. 
ZEID, I. (1991) "CAD 1 CAM Theory and Practice", McGraw Hill. 
ZEITHAML, V. A. (1988) "Consumer Perceptions of Price, Quality, and Value: A Means-End 
Model and Synthesis of Evidence", In: Journal of Marketing, Vol. 52, No. 3 (July), pp. 2-22. 
ZELTZER, D. (1992) "Autonomy, Interaction and Presence, Presence: Teleoperators and 
Virtual Environments", Vol. 1, No. 1, pp. 109-112. 
ZORRIASSATINE, F., WYKES, C., PARKIN, R. AND GINDY, N. (2003) !lA survey of virtual 
prototyping techniques for mechanical product development". In Proceedings of Institution of 
Mechanical Engineers, Vol. 217, Part B. 
-235-
Bibliography 
~ Loughborough 
• University 
BORST, C. W., VOLZ, R. A. (2005) "Evaluation of a haptic mixed reality system for 
interactions with a virtual control panel". Presence: Teleoperators and Virtual Environments, 
Vol. 14, Issue 6, December, pp. 677 - 696. 
BURLEIGH, G. B., LEVY, S. J. (1955) "The product and the Brand". In Harvard Business 
Review, March 1 April. 
CAMPION, G., HAYWARD, V. (2005) "Fundamental Limits in the Rendering of Virtual Haptic 
Textures". In: Proceedings of World Haptics Conference 2005, pp. 263-270. 
CEETRON (2004) Available at: <http://www.ceetron.com> 14/09/2004. 
CEI (2004) Available at: <http://www.ensight.com> 14/09/2004. 
CHELlMSKY, E. (1997) "Thoughts for a New Evaluation Society", In: Evaluation: The 
International Journal of Theory, Research & Practice, Vol. 3, No. 1, pp. 97-118. 
CHOI, S.H., CHAN, A. M. M. (2002) "A dexel-based virtual prototyping system for product 
development". In: Rapid Prototyping Journal, Vol. 8, No. 5, pp. 300-314. 
CHOI, S. H., SAMAVEDAM, S. (2001) "Visualisation of rapid prototyping". In: Rapid 
Prototyping Journal Vol. 7, No. 2, pp. 99-114. 
COLEMAN, R. (2007) "Inclusive Design - Design for All". Available at: <http://www.design-
council.org.uk> 9/14/2007. 
CYVIZ (2007) Available at: <http://www.cyviz.com> 22/07/2007. 
DAHAN, E., HAUSER, J. R. (2002) "The virtual customer". In: The Journal of Product 
Innovation Management 19, pp. 332-353. 
DANI, T. H., GADH, R. (1997) "Creation of concept shape designs via a virtual reality 
interface". In: Computer-Aided-Design, Vol. 29, No. 8, pp. 555-563. 
-236-
IJ::I. L0':lghh.orough 
.Umverslty 
DEMIRBILEK, 0., SENER, B. (2003) "Product design, semantics and emotional response". 
In: Ergonomics, Vol. 46, No. 13/14, pp. 1346 -1360. 
DICKINSON, J. R., WILBY, C. P. (1997) "Concept Testing With and Without Product Trial". In 
Journal of Product Innovation Management, Vol. 14, pp.117-125. 
DIONISIO, J., HEN RICH, V., JAKOB, U., RETTIG, A. AND ZIEGLER, R. (1997) "The Virtual 
Touch: Haptic Interfaces in Virtual Environments". In: Computer. & Graphics, Vol. 21, No. 4, 
pp. 459-468. 
FRISOLI, A., BERGAMASCO, M., et al. (2004) "Evaluation of Multipoint Contact Interfaces in 
Haptic Perception of Shapes". PERCRO, Scuola Superiore Sant'Anna, Pisa, Italy. 
GILL, S., et al. (2007) "The Traditional Design Process Versus A New Design Methodology: A 
Comparative Case Study of a Rapidly Designed Information Appliance". National Centre for 
Product Design Research (PDR), Nottingham Trent University. Available at: 
<http://www.uwic.ac.uk > 9/18/2007. 
GUBA, E. G., LINCOLN, Y. S. (1994) "Completing Paradigms on Qualitative Research". In 
Denzin, N. K., Lincoln, Y. S. (Eds) Handbook of Qualitative Research, London: SAGE. 
HAND, C. (1997) "A survey of 3D interaction techniques". Computer Graphics Forum, Vol. 16, 
pp. 269-281. 
HAN, S. H., YUN, M. H., KIM, K. J. AND KWAHK, J. (2000) "Evaluation of product usability: 
development and validation of usability dimensions and deSign elements based on empirical 
models". In International Journal 0 Industrial Ergonomics, Vol. 26, pp. 477-488. 
HA"UBL, G., TRIFTS, V. (2000) "Consumer Decision Making in On line Shopping 
Environments: The Effects of Interactive Decision Aids". In: Marketing Science, 
Vol. 19, No. 1, Winter, pp. 4-21. 
HAYWARD, V. (2000) "Haptics: A Key to Fast Paced Interactivity". In Human Friendly 
Mechantronics. Selected Papers of the international Conference on Machine Automation, pp. 
25-27. 
-237-
I!! LOl;lghh.orough 
.Umverslty 
HAYWARD, V. (2004) "Display of Haptic Shape at Different Scales". Keynote paper. 
Eurohaptics 2004. Munich Germany, pp. 20-27. 
HAYWARD, V., ROBlES-DE-lA-TORRE, G. (2000) "Virtual surfaces and haptic shape 
perception". In: Proceedings of Haptic Interfaces for Virtual Environment and Teleoperator 
Systems Symposium, ASME, IMECE-2000, Vol. 69-2, pp. 1081-1086. 
HAYWARD, V., YI, D. (2003) "Change of Height: An Approach to the Haptic Display of Shape 
and Texture Without Surface Normal". In Experimental Robotics VIII, Springer Tracts in 
Advanced Robotics, Springer Verlag, New York, pp. 570-579. 
HINCKlEY, K., PAUSCH, R., GOB lE, J. C. AND KASSEll, N. F. (1994) "A survey of 
Design Issues in Spatial Input". University of Virginia, ACM, UIST '94, November 2-4, pp. 213-
222. 
HOGUE, A., ROBINSON, M., JENKIN, M. R. AND AlLlSON, R. S. (2003) !lA vision-based 
head tracking system for fully immersive displays". The eurographics association 2003, p179-
187. In : International immersive projection technologies workshop, eurographics workshop on 
virtual environments. Desinger, J., Kunz, A. (editors). 
JEFFRIES, R., et al. (1991) "User Interface Evaluation in the Real World: A Comparison of 
Four Techniques". In Proceedings of CHI'91 , New Orleans. 
KAlAY, Y. E., CARRARA, G. (1995) "A performance-based paradigm of design". In 
Sudweeks, F. et al. "Advances in Formal Design Methods for CAD", Proceedings of the 
IFIPWGS 2, Workshop on Formal Design Methods for Computer Aided Design, June, pp. 107-
135, Chapman & Hall. 
KIRKPATRICK, A. E., DOUGLAS, S. A. (2002) "Application-based evaluation of haptic 
interfaces". Symposium on Haptic Interfaces for Virtual Environment and Teleoperator 
Systems, 2002. HAPTICS 2002. In: Proceedings of the 10th, Vol. 24-25, March, pp. 32 - 39. 
KWAHKA, J., HAN, S. H. (2002) "A methodology for evaluating the usability of audiovisual 
consumer electronic products". In: Applied Ergonomics 33, pp. 419--431. 
-238-
If! L01;lghbprough 
.Umverslty 
LEA, R., HONDA, Y. AND MATSUDA, K. {1997} "Virtual society: collaboration in 3D spaces 
on the Internet", Computer Supported Co-operative Work: The Journal of Collaborative 
Computing, Vol. 6 No. 2-3, pp.117 -250. 
LENOVO (2007) "lighting". Available at: 
<http://www.pc.ibm.com/ww/healthycomputing/vdt19d.html> 14/09/2007. 
LOFTIN, R. B., ENGEL BERG, M. AND BENEDETTI, R {1993} "Applying virtual reality in 
education: A prototype virtual physics laboratory". In: proceedings of IEEE Symposium 
Research Frontiers in Virtual Reality, San Jose, CA, October 25-26, pp. 67-74. 
LOUKA, M. (2004) "Augmented and Virtual Reality Research and Development". In: Paper for 
JAES 15-17, September, Institutt for energiteknikk, OECD Halden Reactor Project. 
MAHVASHY, M. HAYWARD, V. (2004) "High Fidelity Haptic Synthesis of Contact With 
Deformable Bodies". IEEE Computer Graphics and Applications. (Special issue on haptic 
rendering), Vol. 24, No. 2, pp. 48-55. 
MANNING, C. (2006) "Human Factors Methods: A Practical Guide for Engineering and 
Design". Journal of Aviation, Space, and Environmental Medicine, Vol. 77, No. 8, August, pp. 
876-876. 
MASSIE, T. H., SALISBURY, J. K. {1994} "The PHANTOM Haptic Interface: A Device for 
Probing Virtual Objects". In Proceedings of ASME, Winter, Symposium on Haptic Interfaces 
for Virtual Environment and Teleoperator Systems, Chicago, IL, Nov. 
MAXFIELD, J., FERNANDO, T. AND DEW, P. (1998) "A distributed virtual environment for 
collaborative engineering", Presence, Vol. 7 No. 3, pp. 241-61. 
McDONAGH, D., BRUSEBERG, A. AND HASLAM, C. (2002) "Visual product evaluation: 
exploring users' emotional relationships with products". In Applied Ergonomics, Vol. 33, pp. 
231-240. 
McGEE, M. R, GRAY, P. AND BREWSTER, S. (2001) "Haptic Perception of Virtual 
Roughness". Available at: < http://www.dcs.gla.ac.ukl-mcgeemr> 08/01/2007. 
-239-
I!! LOl;lghb.orough 
.Umverslty 
McGREEVY, M. W. (1990) "The Virtual Environment Display System". In: Proceedings of the 
1 st technology 2000 Conference, Vol. 1, pp. 3-9, NASA. 
McNAMARA, C. (2007) "Basic Guide to Program Evaluation". Authenticity Consulting, LLC, 
Free Management Library. Available at: 
<http://www.managementhelp.org/evaluatn/fnLeval.htm> 6/2912006. 
MEDLAND, T. (1995) "An engineering designer's view of virtual engineering and rapid 
prototyping". In: World Class Design to Manufacture, Vol. 2, No. 3, pp. 41-44. 
NEWTEK (2004) Available at: <http://www.newtek.com> 14/09/2004. 
aZER, M. (1999) "A Survey of New Product Evaluation Models". In Journal of Product 
Innovation Management, Vol. 16, pp.77-94. 
PUNTER, T., SOLlNGEN, R. AND TRIENEKENS, J. (1997) "Software Product Evaluation-
Current status and future needs for customers and industry". In Proceedings of the 4th IT 
Evaluation Conference (EVIT-97), 30-31 October, The Netherlands, Delft. 
REACHIN (2005). Available at: <http://www.reachin.se> 9/8/2005. 
ROOKS, B. (1999) ''The reality of virtual reality". Assembly Automation, Vol. 19, No. 3, pp. 203 
- 208, MCB University Press. 
SCIENCE NEWS DAILY (2004) "New graphic displays for the blind". Available at: 
<http://www.sciencenewsdaily.org/story-2474.html> 14/09/2007. 
SHERIDAN, T. B. (2000) "Interaction, Imagination and Immersion Some Research Needs". 
Masssachusetts Institute of Technology, Cambridge, MA. 
STORK, A. (2002) "Augmented Prototyping". In: CG topics 1, pp. 20-21. 
SUTHERLAND, I. E. (1963) "Sketch pad, a man-machine graphical communication system". 
Ph.D. Thesis, MIT, Mass. Available at: 
<http://theses.mit.edulDienstlUII2.0IDescribe/0018.mit. theses> 22/0412007. 
-240-
IJ:! L01;lghh.orough 
.Umverslty 
SUTHERLAND, I. E. (1965) "The Ultimate Display, Information Processing". In: Proceedings 
of the IFIP Congress '65, Vo1.2, pp. 506-8. 
SWINDER, J. P. J., GWINNER, T. AND GWINNER, K. P. (2002) "Consumer perceptions of 
Internet retail service quality". In International Journal of Service Industry Management, vol. 
13, No. 5, pp. 412-431. 
THOMPSON, M. R., MAXFIELD, J. H. AND DEW, P. M. (1998) "Interactive Virtual 
Prototyping". In Proceedings of Eurographics UK'98, pp. 107-120. 
VERLlNDEN, J., VAN DEN ESKER, W., WIND, L. AND HORVATH, I. (2004) "Qualitative 
Comparison of Virtual and Augmented Prototyping of Handheld Products ", In Proceedings of 
Design 2004, pp. 533-538. 
VERLlNDEN, J., HORVATH, I., (2006) "Framework for testing and validating Interactive 
Augmented Prototyping as a Design Means in Industrial Practice". In Proceedings of Virtual 
Concept 2006. 
VERLlNDEN, J., HORVATH, I. AND EDELENBOS, E. (2006) "Treatise of Technologies for 
Interactive Augmented Prototyping". In Proceedings of Tools and Methods of Competitive 
Engineering, pp 523-536. 
VIITASSALO, J., et al. (1985) "Muscular strength profiles and anthropometry in random 
samples of men aged 31-35, 51-55, and 71-75 years". In: Ergonomics, Vol. 28, pp. 1563-
1574. 
VIRLlNDEN, J. et al. (2003) "Development of a flexible augmented prototyping system". In: 
Journal ofWSCG, Vo1.11, No.3, February 3-7, pp. 496-503. 
VIRLlNDEN, J. et al. (2006) "Possibility of virtual and mixed reality to the human centered 
design and prototyping for information appliances". Workshop proposals of Virtual Concept 
2006. 
WAGNER, C. R., LEDERMAN, S. J. AND HOWE, R. D. (2002) "A Tactile Shape Display 
Using RC Servomotors". Presented at the Tenth Symposium on Haptic Interfaces for Virtual 
Environment and Teleoperator Systems, March 24-25, Orlando. 
-241-
IJ:l: Loughborough 
• University 
WALL, S., BREWSTER, S. (2004) "Hands-on Haptics: Exploring Non-Visual Visualization 
Using The Sense of Touch". In: CHI 2005, April 2-7. 
WARD, M. R., LEE, M. J. (2000) "Internet Shopping, Consumer search and Product 
Branding". In Journal of Product and Brand Management, Vol. 9, No. 1, pp. 6-20. 
WIRRAL SENSORY SERVICES (2005). Available at: <http://www.wssintl.com> 6/2912005. 
YE, J., CAMPBELL, R.I., PAGE, T. AND BADNI, K.S. (2006) "An Investigation into 
the Implementation of Virtual Reality Technologies In Support of Conceptual Design", In 
Design Studies, 27(1), pp. 77-97. 
YELKUR, R., HERBIG, P. (1996) "Global markets and the new product development 
process". In: Journal of Product & Brand Management, Vol. 5, No. 6, pp. 38-47. 
-242-
-243-
I.Q Loughborough 
., University 
Appendices 
~ Loughborough 
., University 
A endix 3.1 - User characteristics adapted from Jordan, 2000] 
Characteristics 
Physio-
characteristic 
Socio-
characteristic 
Psycho-
characteristic 
Examples 
Special advantages: Learned Skills or Inherent Ability 
Special disadvantages: Injuries, diseases, allergies as well as blindness, deafness, physical 
disabilities. 
Musculo-skeletal: Strength, mobility, motor control and usually deteriorates with age. 
External body: Height, weight, anthropometries. 
Body personalisation: Hairstyles, tattoos, piercing and jewellery, plastic surgery relates to socio & 
ideo expression. 
Physical environment: Temperature, humidity, danger. 
Reaction to Physical Environment: Adaptation. 
Physical dependencies: Tobacco, drugs (illegal or otherwise), alcohol. 
Sociological: Country, culture and values. 
Status: A person's 'standing in society', economic status. 
Social self image: Sense of social identity, some products are social accessories helping to generate 
an image. 
Social relations: Friends, family and loved ones. Membership groups (belong to), Aspiration groups 
(want to belong to), Disassociate groups (do not want to belong to), e.g. Honda, tries to disassociate 
from the "biker" group. 
Social labels: Assumptions due to labels, gender, age, ethnic origin or even hairstyles. 
Social personality traits: Strong sense of community, generosity, conformity vs. rebelliousness. 
Social lifestyles: Socially active, staying at home, fun-seeking or glamorous lifestyles. 
Special talents: Intelligence, skill, creativity, learn, memorise and perceptual abilities or learning 
difficulties. 
Psychological arousal: May affect people at certain times such as tired, bored, stressed alert usually 
come and go. 
Personality traits: Not moods but part of a person's traits such as introvert, aggressive, passive, 
intuitive. 
Self confidence: Self belief, use of computers relates to this, people with low self confidence will find 
the technology frightening or with high confidence enjoy the challenge. 
Learned skills & knowledge: Ability, skills and knowledge over time, learning to use a product or 
language, knowledge is learned through formal education or through their lifetime. 
Personal ideologies: Used to set goals and lifestyle, such as adherence to traditional family values, 
work ethic, hedonistic or pure values, has an influence on aestheties. 
Religious beliefs: Either belief or lack of belief, Christianity, Islam, moral codes developed by 
themselves. 
Ideo-characteristic I~=====================================:I 
Social ideology: Respect for authority, enVironmentalism. 
Aesthetic values: Judgement about what is beautiful or attractive, visual arts, person's sense of style. 
Aspirations: Successful in their career, being a good father or sporting prowess. 
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Method Description Advantages 
Mood Boards A collection of visual images Visual output and can be used 
[Gamer, 2001] gathered together to represent throughout the design process 
an emotional response to a and enables communication 
design brief. beyond linguistic restrictions. 
Kansei Can work two ways 'from design Can be used to link a variety of 
Engineering to diagnoses' where the designer product properties to product 
[Nagamachi, manipulates individual aspects of emotions and is a well 
1995]. product properties to test a user's established design methodology. 
response. Or from 'context to The ability of linking emotions 
design' looking at scenarios, and properties mathematically. 
contexts and then drawing 
conclusions. 
Sensorial Involves analysing a product or Comparatively few samples are 
Quality prototype in terms of the formal required for each test and is 
Assessment properties of its aesthetic more efficient than the Kansei 
(SEQUAM) elements and then through Engineering method. 
[Bonaspace, trialling. Involving structured 
1999], interviews linking these 
[Jordan, 2000] properties to the identified 
product benefits that exist on a 
sliding scale. 
Private Camera User talks to video camera in Minimises investigator I 
Conversation booth. Investigator might give participant interaction effects. 
[Jordan, 2000] user a list of issues. Participants less restrained. 
Good evidence and can be used 
at any stage of evaluation 
process. 
Co-Discovery Two participants work together to Good at looking at initial 
[Jordan, 2000] explore and evaluate a product. responses to a product and 
Investigator may sit with the function. Informal. Less restraint 
participants or give general with investigator. 
instructions. Video recordings provides good 
evidence. 
Focus Groups A group of participants gathered Can be used at any stage of 
[Jordan, 2000] to evaluate a product with a process. Loosely structured so 
[Bruseberg. A, discussion leader. can cover all issues that might 
et a12001a] not have been anticipated. Group 
dynamics, participants might 
stimulate others. 
Product Where a products 'personality' is Helps to uncover social value 
Personality seen as an experimental property systems and emotional 
Assignment and the link between consumer's responses to products. 
[Bruseberg, preferences of a product and its 
2001b]. perceived personality. 
Think aloud Participants verbalise thoughts Investigator can prompt 
protocols when experiencing a product. participants. Understand how 
[Jordan, 2000] and why participants react to a 
product. Efficient information 
gathering tool per participant. 
Experience Mini questionnaires that are Cheap in terms of time and effort 
Diaries issued to users so they can note to investigator. No laboratories or 
[Jordan, 2000] their experiences over time, video required. Can distribute to 
possibly while using product at a wide range of participants. 
home. Monitor product experience over 
time. 
Reaction List of potential reactions that a Cheap on time and facilities. 
Checklists participant may have to a Provide an overview of a 
[Jordan, 2000] product. person's response to a product. 
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Disadvantages 
Limited to visual media only. 
Can be complex, but everything 
cannot be described by numbers. 
Should be careful not to use it as 
a tool where new designs are 
simply combinations of old 
product properties. 
Vulnerable to misinterpretation 
and may miss interaction effects. 
No investigator I participant 
interaction. No control of 
direction of the session. Analysis 
can be complex and time 
consuming and interpretation can 
be difficult. 
Participants have a large degree 
of control over topics. 
Not all issues might be covered. 
More influence versus 
spontaneous discussion. 
Might have dominant participants 
or quiet participants. However 
this can be addressed by group 
leader. 
The technique is to some extent 
limited as the perceptions can 
vary between individuals. 
Participants may rationalise their 
views. Investigator can affect 
participant responses. Danger in 
prompting participants. 
No guarantee participants will 
complete them. Possible to 
collect inaccurate results. Can 
only be used with finished 
products. 
No direct understanding of why a 
person reacts to product. Less 
effective when used on 
unfinished products. 
A endix 3.2 - An overview of roduct evaluation 
Method Description Advantages 
Field Watching participants in the Close to natural circumstances. 
Observations environment in which they would 
[Jordan, 2000] experience a product. 
Controlled Formally designed investigation Pure data and picks up small 
Observations with tight controls and balances. effects. An effective method for 
[Jordan, 2000], Aim is not real life context rather comparing deSign options. 
[Robson, 2002] to isolate the effects of design 
decisions. 
Questionnaires Fixed list of questions either fixed Can reach a wide range of 
[Jordan, 2000], response questionnaires where respondents at little cost. Can 
[Robson, 2002] participants are presented with a used at any stage and is flexible. 
number of alternative responses Can be free of investigator 
influences. Need to be short and 
Open ended where participants concise. Can be done in 
write their own answers. presence of an investigator. 
Interview Questions posed to participants Can be used at any evaluation 
[Jordan, 2000], face to face, either fully stage. Respondents less likely to 
[Robson, 2002] structured. misinterpret questions. 
I More flexible semi-structured. Interviewer can steer participant to issues. Can be used at any 
evaluation stage. Respondents 
Unstructured - open ended less likely to misinterpret 
questions. questions. 
Immersion Investigator experiences the Convenient and confidential. First 
[Jordan, 2000] product experience themselves hand inSight into product. 
evaluating on their own Investigator can gain empathy 
experiences. with users. 
Laddering Used to understand links Can gather information about 
[Jordan, 2000] between formal product formal. experimental and desired 
properties. Investigator asks properties and the characteristics 
participants a feature based of people for which the product is 
question. then asks why and so aimed. Can be used at anytime. 
on. 
Participative Group of participants with Very direct right from the start of 
Creation designers etc. to discuss issues the design process. 
[Jordan, 2000] to do with the design. More 
hands on than focus groups. 
Property A list that states high level No participants and can be 
Checklists properties of a usable design. convenient and preserve 
[Jordan, 2000] such as sound. colour. form. confidentiality. When low level 
materials and so on. gone items are included it can lead to 
through by a designer. design solutions. Can be used 
throughout a design process. 
Benchmarking To show how your product Can open companies to new 
compares with current market methods. ideas and tools to 
leaders. Identifying both strong improve effectiveness by 
points and weaknesses. demonstrating other methods of 
solving problems than the one 
currently employed. 
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Disadvantages 
Investigator needs to be minimal 
as will affect the outcome. Ethical 
difficulties. Only effective with 
finished products. 
Environment and activities tend 
to be artificial due to the level of 
control. This might also affect the 
results. 
Problems with reliability and 
validity with untested 
questionnaires. Poor response 
rate usually only 25%. 
Respondents must be asked for 
consent in advance. Costs are 
high in time and effort. Data can 
be distorted by investigator I 
participant. Participants may not 
reveal strong views. 
Usually used with a finished 
product over time. Evaluation 
depends on experience of one 
person. Likely to be 
unrepresentative. Experience 
may affect response. 
Can be time consuming. 
Demanding of participants. 
Answers prone to 
misinterpretation. 
Demanding for participants both 
mentally and temporally. Making 
it difficult to find partiCipants. 
Participants can feel 
embarrassed about what they 
think. 
Validity is dependant on the 
accuracy of those who compiled 
the checklist. Also some criteria 
will be down to the complier. 
Validity also dependant on the 
investigator. Difficult to judge 
deviation from a speCific property 
might have. 
The size and scope of a 
benchmarking project is related 
directly to the cost. Used at final 
stages in design process. 
Ap endix 3.2 - An overview of roduct evaluation 
Method Description Advantages 
Task Analysis The analysis or a breakdown of It provides a clear picture of user 
[FAA,2007] exactly how a task is behaviour, but more importantly, 
accomplished, such as what sub- it can provide a picture of users 
tasks are required. in their natural environment. Can 
be used to identify and develop 
explanations of individual 
differences in task performance. 
Product The benefits contained in the Can be evaluated by a wide 
SpeCification speCification can be evaluated as range of specialists. Easy to 
[Jordan, 2000], to their suitability in the context of understand. 
[Jones, 1992]. the product and the user. Usually 
presented in the form of a list, 
which can then be evaluated by 
consumers and human factors 
experts. 
Quality At the heart of QFD is the House When completed correctly 
Function of Quality which links provides an extensive evaluation 
Deployment predetermined customer of attributes, comparisons and 
(QFD) attributes to specifiC technical competitors. Helps structure 
[Hauser& characteristics. product planning and design and 
Clausing, 1988] aims to ensure that customer 
needs are focused on throughout 
a project from concept design 
through to manufacture. 
Affinity Typically, from each customer Offers a clear representation of 
Diagrams interview, the team may identify the tasks, provides information in 
[FAA,2007] anything from 10 to 100 a format that can be directly used 
individual statements which are for making decisions. Can be 
connected to the product. Each used to represent activities, tasks 
of these statements can be and equipment in a common 
interpreted to identify the format. It can represent the flow 
underlying need and typically of time and is a fast, simple, and 
employs the use of Post-it notes! cost effective. 
The Kano Model Based on the concept of Is a powerful way of visualising 
[Sauerwein, customer quality and provides a product characteristics. Also 
1996] simple ranking scheme which produced a rigorous 
distinguishes between essential methodology for mapping 
and differentiating attributes. consumer responses onto the 
model. 
Expert Experts in particular field or Good for diagnostic and 
Appraisal or particular area are asked for prescriptive analyses. Expert can 
Delphi Method written opinions. provide a set of 
[Jordan, 2000] recommendations. 
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Disadvantages 
Is a time and effort intensive 
activity; observational data 
contains an extremely wide 
amount of information. Can be 
an intrusive technique. The 
presence of an observer may 
also influence user behaviour. 
Can be difficult to compile a 
comprehensive specification. 
Validity is dependant on the 
accuracy of those who compiled 
the specification. 
Demands a cross functional 
team, including market, technical 
and production representation. 
Can be exceedingly complex and 
time consuming, sometimes 
tedious. Can be too analytical - a 
numerical answer can be treated 
as a 'right' answer. Requires 
some training and strong 
facilitation initially. 
Charting and network techniques 
become less satisfactory if 
cognitive content is increased. 
Only a limited amount of 
information can be represented 
in one diagram, too much 
information can lead to 
complicated charts. 
Limited model doesn't consider 
the wide range of influencing 
factors. 
No direct evidence from users 
that any of the issues raised are 
important. 
I]:! Loughborough 
• University 
Appendix 4.1 - Terms and considerations of haptic devices [Burdea, 2000] 
Terms 
I Grounding 
Number of display 
channels 
Degrees of 
freedom (OOF) 
I Fidelity 
Force displays 
Spatial resolution 
Temporal 
resolution 
Latency tolerance 
Considerations 
Force and resistance displays require an anchor, either to the user or the world. 
How many points of contact with the body? E.g. PHANTOM has one point where the user can 
influence the virtual world. 
1-00F display: how far down a tube can you insert an object? 
2-00F display: how far down a tube, plus twist? 
3-00F display: down, twist, clamping action and resistance. 
3-00F display: location of the finger tip or stylus. 
6-DOF (unconstrained movement) display: location and orientation of a finger tip or stylus. 
I Safety may require low-fidelity in many circumstances (how rapidly can the system change to the . proper display e.g. force or temperature?) 
Can be rated by a maximum stiffness measurement. 10 NUcm is the highest force used when doing 
fine manipulation; 20 NUcm will generally be perceived as a solid, immovable wall; 40 NUcm is the 
maximum force that a human finger can exert. 
Differs by body region; finger tips can sense differences 2mm apart, while the resolution is 30mm on 
the forearm. 
Low frame rate in a force display causes the object to be perceived as mushy or shaky (1,000 Hz is a 
good minimum). 
As with frame rate, a IOW-latency display is crucial, especially for force displays. This is even more 
important when two people are trying to manipulate a single object. 
Size I work Larger displays allow a broader range of motion, but are generally higher-power devices. Smaller 
envelope displays work well for tasks where the operator's hands do not cover large spaces. 
I User mobility I World-grounded displays require the user to be near the device. Self-grounded displays can move . . with the user, though cables might be a concern. I~====~ 
Environment Large displays often require special rooms equipped to handle hydraulic I pneumatic pumps. Smaller 
requirements displays can work on the desktop, at a kiosk or be held in the hand. 
Associability with 
other sense 
displays 
Portability 
Throughput 
Encumbrance 
I Cost 
Because the user must come in to physical contact with haptic displays to feel the sensation, it is 
difficult to hide them. Occlusive head-based displays are often used in conjunction with haptic displays 
to overcome this. Another solution is to wear the force display (on the shoulder or arm) or to use small 
displays to hide the haptic device. 
Small tactile and force displays can be easily transported. Displays requiring a hydraulic I pneumatic 
system often require equipment that is hard to move. Of course, world-grounded systems that are 
mounted to the ceiling, floor or wall tend to be hard to move. 
Wearable devices and self-grounded force displays are usually slow to put onl take off. Force displays 
that interact through a stylus or other finger surrogate and which users can Simply grab or release, 
allow them to switch rapidly. 
Self-grounded, exoskeleton-style devices are generally quite cumbersome. Small force displays and 
glove devices are less so. Most haptic displays still involve a fair amount of wires, so even the smaller 
devices must contend with them. 
Safety is a significant concern, especially in large force displays. Temperature-based and other tactile 
displays may also be hazardous. Often, displays that can produce forces or other potentially harmful 
results are equipped with a 'drop-dead' switch. 
Most haptiC devices are costly. They are still not very widely used and, with the exception of some 
basic force feedback devices, have not reached mass market prices. 
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Technologies 
[2007] 
FCS Robotics 
[Moog FCS 
Ltd. 2007] 
Force 
Dimension 
[2007] 
Haption 
[2007] 
Immersionlll> 
Corp. [2007] 
Microdynamic 
Systems 
Laboratory 
[2007] 
MPB 
Technologies 
Inc. [2007] 
Novint 
Technologies 
Inc. [2007] 
The State 
University of 
New Jersey 
[Bouzit, 2002] 
ERGOS 
FCS Haptic 
MASTER 
Omega.x 
Delta Haptic 
Device 
Virtuose 
6D35-45 
Haptic 
Workstation TM 
CyberForce® 
CyberGraspTM 
CyberTouch™ 
Magnetic 
Levitation 
Haptic 
Device 
Cubic 
Freedom6S 
Freedom7S 
Falcon 
Rutgers 
Master II-ND 
Glove 
RQ Loughborough 
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devices in the current market 
Description 
The electromagnetic technology is currently the best for haptic devices requiring high spatial 
resolution, high dynamics, and a very large force amplitude vs. maximum force ratio. This is a 
compact solution for the use of a high quality haptiC device system in a small environment. 
Force-controlled robot arm that can be given an arbitrary dynamic behaviour. Will provide the 
power to closely simulate the weight and force found in all manner of tasks. With a maximum 
force of 250N. Can be used for simulation, training and ergonomic analysis. 
Is a cost-effective desktop solution that combines state-of-the-art haptic technology with a 
compact design. The omega.x offers an unmatched combination of performance and modularity, 
making it the ideal device for a wide range of applications. 
With its unique mechanical design based on the Delta manipulator; a unique parallel mechanical 
conception. Displays high-fidelity and quality kinesthetic and tactile information and can convey a 
large range offorces over a large workspace high stiffness and very low inertia. 
Includes three articulated branches whose end is fixed on the sphere of seizure. Similar to the 
PHANTOM, which provides a 6-DOF with a large working volume and high torques. It consists in 
an articulated mechanical structure with motors and position sensors, as well as embedded 
electronics. 
A 6-DOF device left and right hand CyberForcelll> on vertical columns and HMD. Both seated and 
standing operation with ground referenced forces. Can be used with HMD or CAVE environment. 
For two handed evaluation of concepts and is connected via serial interface. But cannot be placed 
on the desktop, must be used in conjunction with HMD and tracking devices and is expensive! 
A 6-DOF desktop whole-hand and arm force feedback device, lightweight force-reflecting 
exoskeleton which conveys realistic grounded forces designed to work with CyberGrasp TM 
system; user can sense weight and inertia while picking up a "heavy" virtual object, or feel the 
impenetrable resistance of a simulated wall. Also relatively expensive. 
User's fingers and hand, lightweight, force-reflecting exoskeleton that fits over a CyberGlovelll> and 
adds resistive force feedback to each finger. Five actuators, one for each finger, which can be 
individually programmed to prevent the user's fingers from penetrating or crushing a virtual solid 
object. Can be placed on the desktop or wom in a 'GraspPack' backpack for portable operation. 
Allows full range-of-motion of the hand and does not obstruct the wearer's movements; fully 
adjustable and designed to fit a wide variety of hands. Connected via serial interface and does not 
provide grounded forces. 
Small vibrotactile stimulators on each finger and the palm of the CyberGlove 11111> can vary the 
strength of touch sensation. Can generate simple sensations such as pulses or sustained 
vibration, and they can be used in combination to produce complex tactile feedback pattems. Is 
also connected via a serial interface. 
In development at camegie Mellon University and consists of a magnetic levitation device 
cabinet. The other part sits on top of the maglev device and is the hand operation device. A user 
handle protrudes from a bowl where 6 magnetic coils are located. The handle is located in an 
ideal location for fingertip manipulation with the user's wrist resting on the rim of the bowl and 
should provide 6-DOF with only one moving part. 
This is a 3-DOF haptic controller offers the user a crisp feedback in both virtual and real-world 
applications. The unique design combines the action from 3 motors, translating motion to one 
point giving the device low friction and better resolution. 
A high fidelity force feedback device operating in 6-DOF provides the user with a realistic sense of 
touch in both virtual and real-world applications. The device is a well balanced, low friction, high 
resolution tool suited to medical robotics and master/slave robotics. 
Built on the Freedom 6S, it offers the advantages of a fuIl6-DOF controller with an 
interchangeable force feedback scissors grip. The device is ideal for medical simulation and 
master/slave robotics where sensitive control by a scissors-like handle is required. 
Similar to the Omega.x the grip can come in many shapes and forms and includes a quick 
disconnect feature which lets users change handles for specific uses or types of game play and is 
connected via USB and is usable on a 'normal' computer. 
The glove provides force feedback to the thumb, index, middle, and ring fingertips. It uses custom 
pneumatic actuators arranged in a direct-drive configuration in the palm. Unlike the CyberGraspTM 
commercial haptic glove, the RMII-ND direct-drive actuators make unnecessary cables and 
pulleys, resulting in a much more compact and lighter structure. The glove is still at the research 
stage in the laboratory in the State University of New Jersey in the USA. 
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A endix 4.2 - Overview of tactile and ha tic devices in the current market 
Company 
SensAble 
Technologies 
Inc. [2007] 
Name 
PHANTOM® 
Desktop1lol 
PHANTOM® 
Omni 1lol 
Description 
This is a 6-DOF portable desktop device with a compact footprint, simple parallel port 
interface. Connects to computers running Windows NT/2000IXP/Unux 7.2 via an 
extended parallel port. But has limited range of motion that approximates lower arm 
movement pivoting at the user's elbow. 
Portable design, compact footprint, and IEEE-1394 FireWire® port interface ensure 
quick installation and ease-of-use. 
Appendix 4.3 - Applications of virtual prototyping technologies 
Automotive 
Aerospace 
I:====~ 
Medical 
Applications: 
Surgery 
Military 
Education, 
Training and 
Simulation 
Consumer 
Products & 
Electronics, 
& Packaging 
Multi Media 
and 
Advertising 
Scientific 
Discovery 
Tele-robotics 
and tele-
operation 
Games 
The Arts 
Description 
Research is widespread into the various possible applications of VR relating to this industry. For example 
Volvo [SOderman, 2005] or Rover's E-Build process that is used to assemble cars in a virtual world [Kochan, 
1999], [see Dai, 1996 and DOllner et al., 2000]. 
VP in the development of complex aerospace products [Bennett, 1997; Mechdyne Corp., 2006] using VP 
technologies for aircraft design teams. 
Dangerous systems or those with very limited availability (e.g. surgery patients) can be simulated using 
haptics for training purposes. Surgical training, in particular, is the subject of intense research [Delp et al., 
1997; Un et al., 2007]. 
Military applications from BAE Systems Active Cockpit Rig (ACR) which was developed for Typhoon pilots 
[Virtalis, 2007] to the U.S. Army Research Institute for Environmental Medicine (USARIEM) [Boston 
Dynamics, 2007] who are using Digital Biomechanics as a virtual prototyping tool for designing next-
generation backpacks and other load-carriage systems. 
ENHANCE (ENHanced AeroNautical Concurrent Engineering) brings together the main European civilian 
aeronautical companies. One project within ENHANCE concerns an advanced VR maintenance 
demonstrator which links a virtual mannequin with DIVISION1loI MOCKUP virtual prototyping software and the 
PHANTOM® haptic feedback system [Stone, 2004]. Coventry University automotive design centre has a 
passive 3D stereo visualisation system with the Virtalis StereoWorks system linked to a high-end video 
conferencing facility linking up students with automotive design experts [Virtalis, 2007]. 
Lectra Fashion PLM provides a virtual collaborative environment for companies such as Louis Vuitton and 
Marks & Spencer. Modaris 3D Fit represents a major breakthrough in CAD software. With realistic simulation 
and visualisation of three-dimensional apparel in a broad range of colours and materials, Modaris 3D Fit 
enables precise fitting control as well as style validation and collection review [Lectra, 2007]. 
For lack of appropriate devices haptics has so far been ignored as a medium of communication. A frequently 
mentioned application of this capability is the creation of online catalogues with haptic feedback. These 
WOUld, however, benefit greatly from the development of practical, distributed tactile displays which are not 
yet available [Hayward et al., 2004]. French energy equipment manufacturer AREVA T&D has been working 
with Virtalis [2007] to create a 3D virtual showroom for its sales and marketing team. 
One key use of haptics and stereoscopic displays is data display, which was one of the earliest applications 
of haptics with the molecule docking project [Brooks et al., 1990]. Other display applications include: multi-
dimensional maps, data mining in geology and remote sensing. Projects exist to use haptics to enhance the 
human interface of imaging instruments such as scanning and atomic microscopes [Falvo et al., 1996]. 
HaptiC devices are used in supervisor control modes such as tele-programming, predictive displays and so 
on. Tele-operation systems still need high quality manual controllers; research is still being undertaken in this 
area, for instance by Park et al., [2004]. 
Along with research, the games industry tends to lead the development and integration of these technologies 
into the current market, linking research to commercial possibilities. Modes of interaction and the sense of 
user immersion are greatly enhanced by applying force feedback to the user (player) within game play. This 
can be demonstrated by the Nintendo Wii [Nintendo, 2007]. In some cases, force feedback is already at the 
commercial stage to assist in driving, piloting, exploring and so on [Hayward et al., 2004]. 
Musicians and visual artists increasingly use computers; haptics opens up completely new opportunities. 
Such as in the graphic arts and design, especially the creation of animation, much activity is under way 
[O'Modhrain, 2000]. Companies such as Wedgwood [2007] and Royal Doulton [2007] are turning to VR in an 
attempt to embrace technology within their labour-intensive industries. In music, advances in real-time 
synthesis tools increase the demand for interactive controllers [Rovan and Hayward, 2000]. 
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RESEARCH PROPOSAL FOR HUMAN BIOLOGICAL OR 
PSVCHOLOGICAL AND SOCIOLOGICAL INVESTIGATIONS 
This application should be completed after reading the UniversHy Code of Practice (found at 
http://wwwJboro.ac.ukladminlcommitteeslethical/one.html) paying particular attention to 
the advice given in Section 6 for Human Biological Investigations and Section 7 for 
Psychological and Sociological Investigations. 
1. Project TItI. 
User requirements and acceptance of current Virtual Environment Systems for 
evaluation of Fast Moving Consumer Goods. 
2. Brief lay summary of the proposal for the ben.flt of non-expert memb .... of the 
Committee 
Participants will be asked to complete four questionnaires, the first of which is a 
participant information questionnaire concerning related demographlcs, and 
contains a relevant part of the health screening questionnaire. The second is a 
product evaluation questionnaire while evaluating a virtual product on screen, 
conceming physical and emotional aspects of the product a third questionnaire 
records the participants physical discomfort and thermal discomfort while 
undertaking the product evaluation task. The final questionnaire Is related to 
user acceptance of the virtual environment and consists of questions relating to 
the equipment, physical and psychological discomfort of the participant and 
possible improvements that could be made to the technologies. After which the 
participants are exposed to the actual product and Interviewed conceming the 
differences between virtual and physical products. The technologies the 
participants will be using, range from nonnal computers with on screen 
computer animations 10 stereoscopiC Images (3D images) to the PHANTOM 
haptic devices which provides (some tactile) force feedback information of the 
product to the participant. 
3. Details of responsible Investigator (supervisor In case of student projects) 
nle Or Sumame CampbeQ Forename lan 
Department Design & Technology 
Ema" address R.I.Campbell@lboro.ac.uk 
Personal experience of proposed procedures andlor methodologies. 
EAC form v4-FebNlUY 2O(U Page 1 of B 
Senior lecturer In Department of Design and Technology and part of the Design 
Research Group. I have checked through the questionnaires to be used and made 
suggestions for change were I fell questions were unnecessary or trivial These 
changes have now been made. 
4. Names, experi.nc., department and emall addresses of addltlonallnvestlgato ... 
Mr Kevlo Badnl. Joint·Supervisor Design & Technology Department, lecturer and part 
of the Design Research Group. K.S.Badni@lboro.ac.uk. 
Roland Barge, Design & Technology, RABarge@lboro.ac.uk, Previous experience of 
investigations consists of an MSc Ergonomics project looking at back discomfort in the 
Northamptonshire ponce force while driving and a BSc Industrial Design and 
Technology with Education dissertation. 
6. Proposed start and finish date and duration of project 
Start date September 2004 Finish date December 2006 Duration 27 months 
6. Locatlon(s) of project 
Design & Technology Department, Loughborough University, Loughborough 
7. Reasons for undertaldng the study (eg contract, student research) 
Student research 
8. Do any of the Investlgato ... stand to gain from a particular conclusion of the res.arch 
project? 
No 
9a. Is the project being sponsored? vesD 
If yes, please state source of funds Including contact name and address. 
9b. I. the project covered by the sponso ... Insurance? VesD 
If no, please confirm details of anemativEl cover (eg UniversHy cover). 
University cover 
10. Alms and objectives of project 
Alms 
• To match user requirements and acceptance for product evaluation with current 
virtual environment systems capabilities. 
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11. Brief outline of proJect 
The participants of the study will consist of 2 Males, 2 Females, aged 19-33, 34-49, 50-
65, 66+; which also have a wide ranging work, social and ethnic background. The 
proposed study Is to be undertaken individually with each participant. Through 
research a range of product charactenstics have been identified for participants to 
evaluate during the trials, these consist of: 
Physical Propertle. 
• Gecmetry - Size, shape, colour, form, texture, 
• Perceived weight and baiance, 
• Surface Properties - temperature, renection, surface finish, materials used, 
surface deflection, opacity, 
o Matenals used, number of parts, 
o Interface - Controls, displays, Information, fd, friction, opening/closing, 
• Context - Interaction with environment, 
Emotional Properties 
o Emotional Response, self instructing, 
• Perceived cost and value, 
o Pleasure, Safety, Function, Ease of use, comfort, 
o Fashion, Image, trends, environmentally friendly. 
These properties wiD be evaluated through a qualttatlve questionnaire, each set of 
participants will be required to use one of the fonowing virtual realtty enabnng 
technologies which have also been Identified through research and range from a low 
Interaction level and non Immerslve through to the seml-Immerslve (further studies wiO 
extend this to the funy Immerslve). 
List of selected technologies 
1. Physical Object (Actual Product) - Control Group 
2. On Screen - Photo Realistic - Static Images 
3. On Screen - Preset Animation (Passive), 
". On Screen - Animation (Active) - User Interaction, 
5. Desk mounted PHANTOM Haptic Device + On Screen, 
6. Stereoscopic Display Monitor (without glasses) 
7, StereoscopiC Display Monitor (with glasses) 
8. Stereoscopic Display (Projection, with glasses) 
9. Stereoscopic Display (Projection, without glasses) 
From this study I hope to be able to produce the following outcomes: 
1. Results from questionnaires and interviews, which can then be analysed and used to 
develop a virtual realfty technologies vs. perceived product characteristics matrix, which 
includes 7pt scales of how realistic each technology is perceived to be for each 
characteristic. 
2. From the matrix a product designer's methodology can be produced -Inciuding a 
step-by-step flow chart concerning which enabling technology to use when confronted 
with different product characteristics to represent. 
3. To Identify what problems arise from using current virtual environment systems and 
to recommend improvements to current virtual environment systems. 
EAC form "",obl\lllry 2004 Page 3 of 8 
12. 
A) STUDY DESIGN 
Firstly each set of" participants will be required to read and complete the participant 
information and consent form (see attached), partiCipants win then complete four 
qualttative questionnaires the first of which concern's the participant's demographics 
and medical health questions and any other relevant information that could affect 
the study. The participants then have chance to familiarise themselves with the 
technology they are then required to evaluate a product using a virtual reality 
technology, each technology win have a different set of participants this is in order to 
reduce learning eflect bias. The first group, being the control group win evaluate the 
actual product (tha product being an everyday ttem which is not already on the 
market). Then a different set of" participants will each evaluate the same product 
represented virtually using the fonowing equipment; 
1) On Screen - Photo Realistic - Static Images 
2) On Screen - Preset Animation (Passive), 
3) On Screen - Animation (Active) - User interaction, 
4) Desk mounted PHANTOM haptic device + On Screen Interaction, 
5) Stereoscopic Display Monnor (with glasses), 
6) Stereoscopic Display Monitor (without glasses), 
7) Stereoscopic Display Monitor (Large Projection Screen, with glasses), 
8) Stereoscopic Display Monnor (Large Projection Screen, without glasses), 
9) Desk mounted PHANTOM Haptic device + Stereoscopic Display Monttor, 
The participants win be required to complete a second questionnaire, this Is to guide 
them through a product evaluation process ranging from physical aspects through to 
emotional responses, the third combines a physical discomfort map based on the 
Nordic Musculoskeletal Questionnaire, thermal discomfort and a task load index 
using the technologies listed above. 
Once the participants have had chance to use the equipment while evaluating the 
product the participant win be asked to complete a final questionnaire, this concerns 
the partiCipants acceptance and evaluation of the equipment while evaluating a 
product. Finally a Interview with each participant Is undertaken were they are shown 
\he actual product and asked to compare the virtual to the actual product. The study 
win be held on a one to one basis; although the participant win complete the task 
alone in their own time the researcher win be there to guide the participant through 
the process. 
B) MEASUREMENTS TO BE TAKEN 
There are no physical measurements to be taken of the partiCipants; the participants 
are however required to complete four questionnaires which have been attached to 
this form for your convenience. Wrthin these questionnaires physical and thermal 
discomfort, merdal task /Ioad Index and psychological discomfort are aD assessed. 
Please Indicate whether the proposed .tudy: 
Involves taking bodily samples Yes No .J 
Involves procedures whlcl1 are pI1yslcany Invasive OnclucfD1g the 
conection 01 body secretions by physically invasive methOds) Yes No .J 
I. designed to be challenging (physically or psychologically in any way), Ye. No .J 
or involves procedures which are likely to eaus. physical, psychological, 
social or emotional distress to participants 
Involves intake 01 compounds addnional to daily diet, or other dietary Ye. No .J 
manipulation I supplementation 
Involves pharmaceutical drugs (please refer to published guideflnes) Ye. No .J 
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Involves testing new equipment Ye. No -I 
Involves procedures which may caus. embarrassment to participants Yes No -I 
Involves conection of personal and/or potentially sensitive data Ye. No 
Involves use 01 radiation (Please reler to published guidelines. Ves No -I 
Investigators should contact the University's Radiological Protection 
Officer belor. commencing any research which exposes participants to 
ionising radiation - e.g. x-rays) 
Involves use 01 hazandous materials (please refer to published VH No -I 
guidelines) 
Assists/aners the process of concepticn In any way Ves No -I 
Involves methods of contraception Ves No -I 
Involves genetic engineering Ves No -I 
If Ves • please give specific details oflhe procedures to be used and arrangements to deal 
with adverse effects. 
13. Participant InformatIon 
Details of participants (gender, age. special interests etc) 
2 males and 2 females for eight virtual reality technologies and eaCh range of age 
categories from 18-33. 34-49, 49-65, +66yrs, from a range of socio-economic 
backgrounds. 
Number of participants to be recruited: 128 
How will participants be selected? Please outnne inclusion/exclusion erneria to be used. 
At random, on 8 first come first served basis, the participants must however frt within 
the criteria set above and must not be severely visually Impaired. 
How wil participants be recruited and approaChed? 
Through the universities bulletin board, both online and posted around the 
departments. and through eman lists. 
Please state demand on participants' time. 
1 hour per participant. 
14. Control Participants 
Win control participants be used? 
If Yes, please answer the following: 
Number of control participants to be recruited: 16 
Ve.~ NoD 
How wil control participants be selected? Please outline inclusion/exclusion criteria to be 
used. 
At random, on a first come first served basis, the participants must however frt within 
the criteria set above and must not be severely visually impaired. 
EAC form .... _.ry 2004 PageS of8 
How win control participants be recruited and approached? 
Through the universities bunetln board, both online and posted around the 
departments, and through emaO lists. 
Please state demand on control participants' time. 
1 hour per participant 
15. Procedures for chaperoning and supervision of participants during the InvestIgatIon 
Participants will be informed of the specific location of the study, through eman, the 
researcher wiD be present throughout the trial in order to guide the participant through 
the process, but will not interfere in the evaluation process. if female participants wish 
to have a female chaperone then this can aiso be arranged via emaO before the study 
takes place. 
18. Possible risks, discomforts and/or distress to participants 
The things that the participants will be doing should present no more risks than those 
they experience in everyday working life, however if the participants suffer from 
epOepsy there may be some sman risk due to sereen flicker. 
17. Details of any payments to be made to the partlclpanta 
Payment to the participant will either be in the form of refreshments provided after the 
experiment, or a sman cash payment on completion of the study. 
18. Is written consent to be obtained from participants? Yes 0 
19. 
If yes, please attach a copy of tha consent form to be used. 
If no, please justify. 
Will any of the partiCipants be from one of the fonowlng vulnerable groups? 
Ch~dren under 18 years 01 age Yes No 
People over 65 years of age Ves -I No 
People with mental illness Yes No 
Prisoners/other detained persons Ves No 
Other vulnerable groups Ves No 
-I 
.J 
-I 
-I 
If you have selected yes to any of the above, please answer the following questIons: 
a) what special arrangements have been made to deal with the issues of consent? 
With participants over the age of 65, the participant Information form can be read to 
them and re-checked In order that they understand what research is to be undertaken, 
the forms will be reproduced in larger font if necessary or read to them by the 
investigator and taken through the process before they undertake the task, they win 
also be made aware that they have the right to withdraw at any lime. 11 will also be 
possible to take the task to them using a laptop so they can complete the tasks from 
the comfort of their own home therefore reducing the disruption to their lives to a 
minimum. 
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b) have Investigators obtained necessary poUce registraUcnlclearance? (please provide 
details or Indicate the reasons why this Is not appUcable to your study) 
No police clearance has been obtained due to the study only requiring the participants 
to use equipment that Is similar to normal equipment and therefore carries the same 
risk, such as using a computer. 
20. How wDl participants be Informed of their right to withdraw from the study? 
On the participant Information sheet, and wil also be Informed by the researcher before 
they start the study. 
21. Will the Investigation Include the us. of any of the following? 
AudIo I video recording (delete as appropriate) 
Observation 01 participants 
vesQ] NoD 
vesD NOQ] 
If yes to either, please provide detan of how the recordlnll win be stored, when the recordings 
wiR be destroyed and how confidentiality of data win be ensured? 
The audio data win be stored in a raw data format either on tape or in dig~aI format on 
the university data storage file for no longer than six years from completion of the 
project and destroyed thereafter only the assigned reference number wiU be attached 
to the recorded data, any data used will be combined with other data. 
22. What steps will be taken to safeguard anonymity of participants/confidentiality of 
personal data? 
No names wiD be required on the questionnaires, only via a reference number will the 
questionnaires be ronked; the partiCipant's responses wiD be combined with Information 
from other people taking part in this study. This combined Information will be used 
when we write up the study to share it ~h other researchers and wiD be held until the 
project has been mar1<ed and moderated. 
23. What steps have been taken to ensure that the collection and storage of data compUes 
with the Oats Protection Act 1998? Ple.se se. UnIversity guidance on Data Collection 
and Storage and Compliance with the Data Protection Act. 
All personallnfonnation coDected will be encoded and presented as part of a collection 
of results, each participant wil be assigned a code, and the data stored will be against 
this code Instead of names ensuring participants anonymity. Primary data will be 
stored both under the unlvers~ file store under the researchers username, and will be 
backed up on the researchers laptop, both of which are password protected. The data 
win be stored In I rBVI data fonnat using the statistical program SPSS for six years from 
completion of the project and destroyed thereafter. Questionnaire responses and 
images wiR be stored in their original fonn for ten years from completion of project and 
destroyed thereafter. All participants will also be given the opportunity to request that 
their data be destroyed I w~rawn from the research project and will be Informed of 
this right In the participant Information form. The data collected win only be used for 
the purpose, for which they were originally collected, and any Infonnatlon pubnshed will 
be annoymised and Information published wiH not allow individuals to be Identified 
EAC foIm v4-FobruafJ 2004 Page 7 of8 
24. INSURANCE COVER: 
It Is the responsibility of Investigators to ensure that there Is appropriate Insurance cover 
for the procedureltechnlque. 
The University maintains in force a Pubnc UabUity Poficy, which indemnifies H against HI legal 
nabUity for accidental Injury to persons (other than Its employees) and for accidental damage to the 
property of others. Any unavoidable Injury or damage therefore falls outside the scope of the 
policy. 
Will any part of the Investigation result In unavoidable injury or Ye. D No 171 
damage to participants or property? ~ 
If yes, please detail the alternative Insurance cover arrangements and attach supporting 
documentation to this form. 
The University Insurance relates to claims arising out of an normal act~ies of the University, but 
Insurers require to be notified of anything of an unusual nature 
Is the Investigation classed as normal activity? Yes~ NoD 
If no, please check ~h the Unlversffy Insurers that the poncy will cover the activity. If the 
activity falls outside the scope of the policy, please detail alternative Insurance cover 
arrangements and attach supporting documentation to this form. 
25. Declaration 
I have read the Unlversay's Code of Practice on Investigations on Human Participants and 
have completed this application. I confirm that the above namecllnvestigation complies with 
published codes of conduct, ethical principles and guidelines of professional bodies 
associated with my research discipnne. 
I agree to provide the Ethical Advisory Committee with appropriate ~ upon completion 
of my Investigation. 
Signature of applicant 
SIgnature of Head of Department: ................................................................... . 
Date .................................................................. .. 
"where relevant 
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Use of Consumers for Product Evaluation Questionnaire 
We are conducting this survey on behalf of the Department of Design & Technology at 
Loughborough University. The aim of this survey is to assess what product evaluations consultancies 
I companies undertake during their new product design and development The information you 
provide will remain confidential, we thank you for your participation. 
QIa) Company Name? (please State} ..••••..••••.•..•••••••.•.....•.••..•.•••••••••••••••••••••••••.• 
Qlb) Job Title? (Please State} .....••.•.....• ..................................................................... 
Q2) What products does yonr company mainly, design I develop? (Please State) 
I 
Q3)What 
Computer Specification (processor. memory, monitor size, graphics card, etc .. ): 
Other Peripherals (e.g. graphics tablet, Stereographic Display): 
Other Software Packages (e.g. design, CA.D soflware - Alias. Pro Engineer): 
Q4) At what stage of your design process does your company evalnate your desIgns! 
(please tick 011 that apply) 
o We don 'I evaluate at any stage 
o Initial Concept Generation 
o Product Development 
o Rapid Prototyping 
o Pre-Manufacture 
o Finished Product 
o At Every Stage 
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Dear Sir I Madam, 
III Loughborough 
• UnM:rsity 
Roland Barge BSc(1WnzJ. -. £,rS 
Department of Design & Technology, 
Loughborough University, 
Loughborough, 
Leicestershire 
LEII 3TU 
We are conducting this general survey on behalf ofth. Department of Design & Technology at 
Loughborough University, as part of my PhD research. The aim of this survey is to assess what 
the indus\ly uses during their design processes in terms of product evaluation. 
The information you provide will remain confidential and will be collated into a single report, if 
you have any questions please feel free to contact me at cdraMl~lhoro.ac.uk or my supervisor Or 
lan Carnpbell at r.i.campbell,-alhoro.ac.uk or Kmn S. Badni at K.S.Badni@looro.8C,Uk. 
The following survey consists of a set of focused background questions, concerning relevant 
demographlcs and a set of questions concerning your company's product design process and 
product evaluation methods. 
Thank you for your participation 
Yours Sincerely 
Roland Barge 
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Q6) Who does your company use to evaluate I validate your concepts? 
(Please tick all that apply) 
a No-one 
[] Consumers 
[] In-house designers 
a Management 
a outsourced 
aClien! 
ID Lo1;'ghb!>rough 
• Umverslty 
a Other (Please State) .................. ............................................................... . 
Q6a) If outsourced what company do you use? _____________ _ 
Q7) What attributes doeS/Would your company look for In a consumer for evaluation? 
(Please tick all that apply) 
a Previous Experience 
[] General Technical Knowledge 
[] Specific Product Knowledge 
a Cheapness 
[] Availability 
[] Other (Please State) ................................................................................... .. 
Q8)What methods of user evaluation do you use (if any)? (Please tick 011 that apply) 
a User Trails 
C Product Questionnaires 
C Consumer Interviews 
C House of Quality 
C Task Analysis 
a Focus Groups 
a Ergonomic Evaluations 
a Other (Please Slate) ....................................... ............................................ .. 
Q9) What technologies does your company use when evaluating concepts (if any)? 
(Please lick 011 that apply) 
[] On-screen Photo Realistic Renderings: 
C Product Animations: 
[] 3D CAD models: 
C Rapid Prototypes: 
[] Stereo graphic Displays 
a Haptic Devices (e.g Phantom) 
[] Other (Please State) ............................................ · ......................................... . 
QIO) Wben evaluating a product what aspects do you focus your evaluation on? 
(please rate!f!£b. attribute 1-6 where I=most important, 6=least Important) 
Comfort 
- Aesthetics & Style 
- Fonn & Colour 
=QuaJity 
_ Size & Weight 
Ease I Pleasurable to Use = Other (Please Stale) ................................................. ••• .... •• ........ •• .. ·· ............ . 
P.T.O 
III Loughborough 
• University 
Qll) What aspects ohirtual product technologies for product evaluation do you think are 
Important? (Please ratt !f!£b. technology 1 -6 where 1 =most Importan/, 6=least Important) 
_ Photo-realistic Renderings 
Sound = Key product features 
_ Product in use (context) 
Product Animations 
= 3D (360deg) View 
Q13) AI a designer, what would you want to gain from a product evaluation and what f"M,., uk'" ,,, ... ,"' (P/~' &.'J 
Q14) What would YOD want In a product evaluation tool, to aid your evaluations, what 
form or method would you want the tool to take? (Please State) 
Q'l""' ..... ,.. "" ........ , pro ............. ...., {Plw .. &d,J 
Q'~i"'" .," .. , ... "",,' ~,. w .,n""" (PI,~, -J 
Thank You for taking the time to fill out tbe questionnaire. 
Please check your answers, as they are Important to ns. 
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Appendix 6.3 - Study A - Results tables 
~ L01;lghh.orough 
.,Umverslty 
Appendix 6.3a - What specific products do our compan ,design I develop? 
Responses Number of Respondents 
I 
Response Ratio (%) 
Consumer goods and electronics 15 11 48% 
Medical equipment 10 11 32% 
Hand held devices 10 32% 
Scientific equipment 6 19% 
Transport 6 19% 
Furniture 4 13% 
Industrial equipment I 4 13% 
Security 
11 
2 6% 
High end jewellery 
" 
2 6% 
Appendix 6.3b - What e of computer, herals and software do ou use? 
Responses Number of Respondents Response Ratio (%) 
SolidWorks I Solid Designers 19 61% 
Pro/ENGINEER: Wildfire 2 11 35% 
AutoCAD 10 32% 
3D Studio MAX 8 26% 
Alias PLE 5 16% 
Adobe CS 3 I 10% 
Rhinoceros 3 
11 
10% 
UGS Solidedge 3 
11 
10% 
Ideas 
11 
3% 
Other responses included: IronCAD / Deskartes / Key Creator 
Appendix 6.3c - At what stage of your design process does your company evaluate 
your designs? 
Responses Number of Respondents Response Ratio (%) 
Don't evaluate 
" 
0 0% 
Initial concept generation 14 45% 
Product development 14 45% 
Rapid prototypes 8 26% 
Pre-manufacture I production 13 42% 
Finished product 8 26% 
At every stage (continuous) 20 64% 
-257-
Responses Number of Respondents 
Use internally selected personnel 
11 
15 
Clients finds users 
11 
11 
Company database 
11 
5 
Market research organisations 
11 
4 
Client I 3 
Company researches target market 2 
Marketing director finds users 
Friends and family (other) 
Responses Number of Respondents 
In-house designers 26 
Client 21 
Management 15 
Consumers 11 
Outsourced 8 
Suppliers 4 
Friends and family (other) 
I.Q Loughborough 
., University 
? 
Response Ratio (%) 
48% 
35% 
16% 
13% 
10% 
6% 
3% 
3% 
Response Ratio (%) 
84% 
68% 
48% 
35% 
26% 
13% 
3% 
Appendix G.3f - What attributes does I would your company look for in a consumer for 
evaluation? 
Responses Number of Respondents Response Ratio (%) 
I Previous experience 
11 
16 51% 
Specific product knowledge 
11 
15 48% 
General technical knowledge 
11 
12 38% 
Availability 11 12 38% 
Common sense (other) 11 9 29% 
Cheapness 7 22% 
Depends on product & market (other) 7 22% 
General intelligence & perception (other) 7 
11 
22% 
1 Fit to user/consumer profile (other) 6 11 19% 
1 Na"fve users (other) 4 11 13% 
-258-
Responses Number of Respondents 
Ergonomic evaluations 19 
User trails 18 
Consumer interviews 15 
Product questionnaires 13 
Focus groups 11 
Task analysis 11 
Chatting to users! (other) 10 
Healthy design process (other) 8 
Retailer feedback (other) 5 
House of quality 4 
Sales and customer feedback (other) 
11 
11 
? 
Rg L01;lghb.orough 
.,Umverstty 
Response Ratio (%) 
61% 
58% 
48% 
42% 
35% 
35% 
32% 
26% 
16% 
13% 
3% 
Appendix 6.3h - What technologies does your company use when evaluating concepts 
(if an ? 
Responses Number of Respondents Response Ratio (%) 
130 CAD models 28 90% 
On-screen photo renderings (or prints) 27 87% 
Rapid prototypes 24 77% 
Product animations 19 61% 
Engineering drawings (other) 11 35% 
Full scale mock-ups (other) 10 32% 
CFD & FEA & other engineering analysis 7 22% 
I Card models (other) 6 19% 
Stereoscopic displays (with glasses) 3 10% 
I HaptiC devices (e.g. PHANTOM~ 3% 
Autoscopic displays (Without glasses) 0 0% 
-259-
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Appendix 6.3i - When evaluating a product what aspects do you focus your evaluation 
on? 
Feature 
Ease I pleasurable to use 
Aesthetics and style 
Quality 
Form 
Size and weight 
Comfort 
Colour 
Responses 
(1=Least to 6=Most Important) 
7 
2 11 
2 2 7 4 [!] 
3 2 8 3 0 
3 4 4 5 0 
8 2 4 0 
Average Response 
(Total Responses) 
4.77 (22) 
4.48 {23} 
4.43 {21} 
4.21 {22} 
3.95 {22} 
3.73 {22} 
3.19 {21} 
Other responses included: Intuitiveness, relevance to market, depends on purpose of evaluation (x2) and product. 
Engineering, function, production costs, suitability, manufacturing, relevance, competition, inventiveness, 'Quality is a 
manufacturing issue not a design issue', 'evaluation determined by our clients on case by case basis'. 
Appendix 6.3j - What aspects of virtual product technologies for product evaluation do 
you think are important? 
Responses 
Feature (1=Least to 6=Most Important) Average Response (Total Responses) 111111111111 lr=pr=0=du=ct=i=n=u=se={=co=n=te=~=)========~I~~~0~~rl =======6=.O=8={=25=)======~1 
IG00[!]~01 5.55 {29} 
l~pr=0=du=c=ta=n=im=a=ti=on=s============~I~~0~~01~======5=.5=2={=25=)======~1 
3D (360°) view 
1~~00~~1 4.65 {26} 
I~==================~ ~==============~I l~s=ou=nd============~1~00~0~1~====3.2=3={26=)====~1 
[~J00[!]~~1 2.74 {27} 
Photo realistic renderings 
Key product features 
Appendix 6.3k - What would you want to gain from a product evaluation? 
Responses 
Does it work? Do they like it? Would they buy it I use it? 
How made them feel, aesthetics, practical to use, comfort, personal experience, value for money. 
I Product acceptability (x2). 
I Use of sales figures to predict trends. 
Tend to use a no-question form of evaluation. 
Establish user need deeply, plus environment to be sure what they want. 
Expected sales per annum, price, are ergonomics I dimensions correct, production friendly. 
Easy for designer to focus on one attribute, consumers bring down to earth. 
Evaluations helps inform the specification. 
IlnSights and real world observations. 
-260-
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A endix 6.3k - What would ou want to ain from a roduct evaluation? 
Responses 
, A practical, producible product. 
Concept meets requirements and expectations. 
Compliment with legislation, quality, cost etc. 
Verification of fit for purpose, quality check, ease/frequency of use, price. 
I Confirmation of decision. 
Their expectations for what the product should deliver, so then we don't end up going down the wrong track or building in 
unnecessary costs. 
Gain-enjoyment & clear understanding of what is shown. Ask-what did you like/dislike any other comments. 
Functional analysis to prevent customer returns. 
I Outside perspective. 
I Knowledge of other products. 
Products require immediate acceptance/recognition/desire. If evaluator is confused or unimpressed, I haven't done my job! 
, Ease of use. 
I would want to understand the users needs, their perception of the product (as in the actual idea and whether they would buy 
/ use one), any problems they have with it, what they like dislike about the styling / colour etc. and anything they would like to 
have added. 
Feedback on the design is it seen as successful and meeting the product aim. 
Design meets brief, shortcomings of the design, evaluation of key attributes. 
Ap endix 6.31 - What would ou want in an evaluation tool? 
Responses 
Easily configurable system, ability to provide hard copies, remote system: internet based, clear / simple. 
Standardised simple & adaptable questionnaire. 
, Unprompted observational techniques. 
I Use an array of tools. 
, Objective scoring system - flexible. 
Unambiguous results, objectivity, qualitative. 
Flexibility to change interview and responses as trail moves forward. 
I Pro-forma checklist 
Profit margins, customer feedback, ability to record relevant data, converted to stats deSigners can understand! 
3D CAD excellent for concept then FEA - physical prototype for final evaluation. 
Something quick as turnaround is very quick! 
, Software. 
Generic, structured, simple 5 or 10 step approach. 
I would suggest that qualitative rather than a quantative approaches would be most helpful. 
I Verbal/written feedback. 
'Interactive / simple to use. 
-261-
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Appendix 6.31 - What would y_ou want in an evaluation tool? 
Responses 
Easy of data input. Smallest possible file size. 
Ability to allow consumers to appraise the product in a situation similar to that an actual situation. 
I Fully functional, not limited. 
90% of our products require mechanical evaluation for strength, function etc. Ergonomic assessment is VERY subjective -
cannot be formula-driven. Evaluators may hate an 'ergonomically-perfect' product. 
good renderings, a 3D model that clients can manipulate. 
People who know what they are looking for in a product category but who are also open to new ideas / suggestions. 
The more realistic the evaluation the better, within the intended context. It would be good if it could ask them questions at 
the right time, plus capture both their answers/replies to the questions and also physical responses difficulties when 
interacting with the product (assuming it's a virtual prototype). Also then be able to quickly make notes and changes 
perhaps sketches related to a conversation that designer can have with the user. 
Appendix 6.3m - What would you not include in a product evaluation tool? 
Responses 
I Another matrix. 
I More tick box forms! 
I A tool monopoly. 
Constraining the evaluation process would compromise the evaluations themselves! 
I Focus groups. 
Complex marketing speak or technical issues. 
Product animations and photo renderings are a conceptual tool not an evaluation tool. 
I Too rigid a methodology. 
I Subjective questions. 
Anything that makes process time consuming - fast and efficient. 
I Gimmicks! 
A standard set of questions would never fit every product, so must be very customisable. 
Aesthetic factors - useless in isolation, look at POS factors and juxtaposition instead. 
All aspects are desirable but sound; feel, weight etc. are better demonstrated in a detailed, full size model/prototype. 
I Engineering drawings. 
Sensitive information, unnecessary details. 
I Too much detail. 
Mechanical, ergonomic and manufacturability metrics. 
-262-
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Division Mockup educational licence costs approx. £7000, can import Pro.E. files directly and 
maintains the integrity and assembly hierarchy, allows you to add functiona l, audio, collision and 
pivot behaviours, and visual elements to each part or assembly, it imports the current material 
library with the product, environment maps can be applied to the model. Sequences and movies 
can be created using a timeline and track system which seems relatively easy to use and effective 
(similar to 3d studio max, but easier). Also the ability to add events on a key press allows the 
demonstrator control over the display Le the ability to change a models colour or start a specific 
sequence or create a movable section that moves through an object. Division Mockup in my 
opinion is a powerful post Pro Engineer Tool, allowing the effective visualisation of rendered 
products in 3d real-time (uses an efficient rendering algorithm allowing large and complex 
models to be run without optimisation Le the simplification of the model for display purposes). 
This can then be exported as a vnnl (although the effectiveness has yet to be demonstrated) or to 
the supplied program webf1y runtime, which runs from netscape which then allows the animation, 
and 3d real-time stereographic images to be displayed, although this is dependant on the computer 
system. 
One limitation of front projected stereo with passive stereo glasses (as demonstrated) is as the 
user is viewing the object on projection screen is the appearance of the users shadow this in effect 
reduces the feeling of immersion, therefore rear projection systems should be used where 
possible, however the close up viewing is impressive. 
(A front project was demonstrated on a 100hz cl1 projector, 3 phase, reducing ghosting costing 
£30,000 as used be Wedgwood and Arriva in conjunction with nuvision 60x glasses which flicker 
due to interference from lights and other electronic sources and intersense is900 wireless tracker 
that uses tracks mounted on the ceiling £20,000) 
Kaisers HMD was also demonstrated this also might seem more immersive at the outset, in my 
opinion isn't as the headset is still not truly wireless although no doubt this will come in the 
future , also the, display detail and field of view isn' t sufficient to full immerse the user, although 
the latest generation of glasses (not demonstrated) do have 1024 svga displays with a 160deg. 
FOV (£15,000) which is much greater that the glasses tested which r assume are therefore more 
immersive for the user. 
Stereographics Synthagram 404 is a large autostereographic lenticular display has a 9 tile display 
allowing a large amount of positions where the stereographic is effective, although only good for 
displaying stills. 
Sharp Stereogrpahic Monitor (£650) is the 2nd generation switchable autostereographic led screen, 
is only suitable for one user to sit in front of to gain the correct impression oDd!, although 
impressive and effective it does however make your eyes feel funny, as you have to focus passed 
the screen in order to trick your brain, problems occur when the image is incorrect and your brain 
refuses to believe what your eyes are seeing, you certainly couldn't sit in front of it for hours on 
end. 
Fiat have purchased a high end reality buck with real seat and steering wheel but with high end 
hmd, that uses I computer per eye, allowing the display of high res. car interiors with the ability 
to change dimensions and control layouts. 
Visit was on the 9'h March 2006 with Kevin S. Badni, visiting David Clarke. 
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Appendix 7.2 - Screen capture of Pro/ENGINEER: Wildfire 2 (condition 3) 
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Appendix 7.4 - Visual discomfort [Loughborough University, 2003] 
FocuooIng 
--- Accommodotion i ~byopa R_ 
refrectiveemn: 
hypormolroplo, 
myopoa, "'igmoIism 
~ 
--
_ - Glare 
SmoI<. 
- - - -(NlIOre 01 1 ... ) 
--Focuss01g problems 
Blurred vision 
OoubIevislon 
Fbcalion problems 
PhoIop/loIli. 
0c:uI0r 
SoreIedWlo oyes 
Tored oyes 
HoIII>uming oyes 
_od oyes 
WtAery eyes 
DIy eyes 
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ConYaIoscenc8 
T endeocy for mIgroroe 
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Drowsiness 
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FreeForm Modeling Reference Sheet • 
orienting the model 
DYNAMIC VIEWING Using Arrow Keys 
3D Mode 
Hold down Ihe key and bullon. Drog Ihe mouse. 
Use the arrow keys to quickly and 
precisely rotate your model 1Sdegrees 
at a time in any direction: clockwise, 
counter-clockwise, toward or away 
from you. ROTATE ~ 
PAN ~ 
ZOOM ~ 
"'-
FUNCTI ON KEYS 
F2 View Front 
F3 V iew Right 
F4 View Left 
F5 View Top 
F6 V iew Front R ight of Main View 
F7 View Fro nt To p of M ain View 
Fa View Fro nt Left of Main View 
F9 View Front Bottom of Main V iew 
ROTATE " ~ + ~ IIIl ~ 
(Z·AXIS) // U I y 
Using the PHANTOM Desktop with Keyboard Keys 
(G key) Grab Mode: Holding onto the model and moving it along any axis, 
rotating it in any orientation, and/or zooming it in and out. Press and hold 
g while moving the PHANTOM Desktop stylus in any direct ion. 
(H key) H Grab Mode: Zooming and/or panning the model, with three degrees 
of freedom, without rotating it. This way you don't accidentally change the 
orientation of your view of the model: Press and hold h whi le moving the stylus. 
(J key) J Grab Mode: Rotating the model along the x or y axes. There is a 
subtle haptic stick each time you give the model a quarter turn of 90 degrees. 
~!I!!"!!II!II •• ~ Command: View> Object List Shortcut: 0 
If you are working with a model that has multiple pieces, use the 
Object List to make your selections from among the different entities 
that make up the model. 
You use the Object List to choose which piece of the object to make 
active so that you can work on that piece. To display the Object List, 
a.:.. ______ ~> select Object List from the View menu or just press the letter o. 
If you require any assistance please do not hesitate to ask 
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Pro Engineer Reference Sheet . 
orienting the model 
DYNAMIC VIEWING 
3D Mode 
KoIddCWIIlht keyw bull4l1. Draglbtl1lOU'>t. 
SPIN » 
I 
PAN ~ IilD + • ~ ~ 
I v 
I 
ZOOM » _ + ~ 
TURN » g + • ~ ~ 
I 
20 Mode--
PAN » 
20 ond30 Mod-es 
HoW6O'WIIlkthyocdrcllt!ltllloust.tttl 
ZOOM ~ 
FINE lOOM IilD + eJ 
COARSE g . eJ ZOOM 
Using the Spin Center 
Click the icon in the Main Toolbar to enoble the Spin eenler. 
• Enobled - The model spins obout the location of the spin eenler 
• Disabled - The mockl spins about the Icx::ation of the mou:.e pointer 
Using Orient Mode 
Click the ic.on in the Main Toolbor 10 enable Orient mode_ 
• Provides enhonud Spin/ Pan/Zoom Control 
• Disables selection and highlighting 
• Righ t-click to occess additional orienl options 
• Use the shorlc.ul: ORl t- SHIFT + Middle-dtck 
Using Component Orog Mode in an Assembly 
Click the icon in the Main TooIbor 10 enable Component Drag mode. 
• Allows /TIOyement of componenh bosed on their kinematic COn5troints 
"'tJ 
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e.. 
m 
z 
G> 
z 
m 
m 
:::0 
tD ;-
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or connections CD 
• Click 0 location on a component, move the moose, click agoin 10 slop mot :::l 
• Middle·cld 10 disable Componenl Drog mode g 
COMPONENT PLACEMENT CONTROLS 
AIIowt rcorientolion of componenb during placement 
COMPONENT 
DRAG 
SPIN 
» _ ·ID · 
» g . .. . 
PAN »_ ... + 
~--
Obi_cOMod. 
Provides enhanced Spin/Pan/Zoom Control: 
I Enable Orient mode 
2 Right-click to enable Orient Object mode 
3 Use Dynamic Vicwing controls to oricnt tho component 
.4 Right-click and select Exit Orient mode 
en 
:::r 
CD 
CD ,.... 
If you require any assistance please do not hesitate to ask 
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Appendix 7.7 - An overview of the effects of ageing [adapted from Loughborough 
University, 2003] 
Characteristic Description Age effect Consequences 
Vision 
Visual acuity Ability to see fine detail sharply. Ability of pupil to change size in Average 60 year old eye requires 
response to ambient light reduces 3 times as much light as a 20 year 
with age. old eye. 
11i~ and far objects. I -"'".." I Abil" of th, ,ye to 10"" 0,"'" 
Contrast Ability to distinguish between light 
sensitivity and dark. 
Loss of elasticity with age causes 
a reduction in speed of 
accommodation. 
Progressive decrease with age. 
I Discomfort and disability which Increased opacity of the lens . arises from excessive light. scatters light within the eye. I~======~~==============~ 
Glare 
Dark adaptation 
Colour vision 
and colour 
discrimination 
Hearing 
With age it takes longer to 
become accustomed to seeing in 
the dark or light. 
~============~ 
Can range from profound hearing 
loss to mild-severe hearing loss, 
capable of benefiting from 
amplification. 
Build up of a yellow pigment in 
the eye. Effect is to filter out 
blues, violets and combinations. 
Hearing 
Changes in the ear due to normal 
ageing. May be exacerbated by 
illness, disease and/or cumulative 
work place effects. Inability to 
hear sounds without amplification. 
Hand function 
2 Decrease in hand strength, Strength dexterity, precision, co-ordination, joint mobility and sensitivity. Arthritis can result in swollen and painful hands. 
Grip endurance with age. [:J Decrease in grip strength and grip A person of 65+ can only reach 75% of strength and endurance. There may also be reduction inaccuracy of movement. 
====================~ 
Mental abilities 
and experience 
Divided 
attention 
Skills which depend on rapid 
information processing, speed 
and accuracy. 
Doing two things at once. 
Cognitive 
Novel or unfamiliar tasks more 
difficult to learn. 
With age, more difficulties occur 
doing two things at once. 
-266-
Objects have to be viewed at 
greater distances for them to be in 
focus. 
To see an object clearly a 70 year 
old person needs more light at all 
lighting levels than a 20 year old. 
Increasing illumination can result 
in unacceptable levels of glare. 
Older people need more 
illumination in order to read. 
Night driving becomes harder. 
Use high contrasting colours. 
Avoid using green/bluelviolet and 
red/orange violeUred colours. 
Inability to understand speech 
even with amplification. Use lower 
tones for alarms. Provide sound 
that is in contrast to sound 
environment and facility to control 
sound. 
Implications for type, size, shape, 
and torque of controls. 
Implications for type, size, shape 
and texture and for operation of 
tools and controls. 
Avoid negative transfer between 
familiar and novel procedures / 
systems by making them obvious 
to older users. 
They are likely to take longer to 
perform a task. Keep tasks 
simple. 
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Participant Information Sheet 
~ LOl}ghb,orough 
.Umverslty 
User Acceptance of Virtual Reality Technologies 
WHO IS DOING THIS STUDY? 
The person supervising this study is Or lan Campben of the Department of Design & Technology, 
Loughborough University. The person undertaking the study is Roland Barge, Postgraduate of 
Loughborough University. 
WHAT IS THE PURPOSE OF THIS STUDY? 
By doing this study, we hope to learn about the levels of user acceptance of virtual reality 
technologies while evaluating products. The results of this study will be used by the Department 
of Design & Technology to inform and assist with decision making in respect of Mure research 
activity within the department 
WHERE WILL THIS STUDY TAKE PLACE AND HOW LONG WILL IT LAST? 
The study will be conducted during a visit to the Department of Design & Technology and will last 
no longer than 1 hour. 
WHAT WILL I BE ASKED TO DO? 
You win be asked to complete four questionnaires, the first of which is a participant information 
questionnaire concerning related demographic!, the second is a product evaluation 
questionnaire undertaken while evaluating a virtual product on screen concerning physical and 
emotional aspects of the product, the third is concerning your physical discomfort and the final 
questionnaire is related to user acceptance of the virtual reality technology you win be using and 
consists of questions relating to the equipment, discomfort and possible improvements. 
WHAT ARE THE POSSIBLE RISKS AND DISCOMFORTS? 
The things that you will be doing should present no more risks than those you experience In 
everyday working life, however if you suffer from epilepsy please inform the researcher. 
WHO WILL SEE THE INFORMATION I GIVE? 
We will make every effort to prevent people who are not on the research team from knowing how 
you responded or any information that you gave. You win be assigned a code number and you 
will not have to put your name on the questionnaires or your results. Your responses will be 
combined with information from other people taking part In this study and stored using SPSS a 
statistical computer program. This combined information win be used when we write up the 
study to share it with other researchers. The results gathered for the questionnaire and any 
Images taken wiB be held for up to ten years after the project has been marked and moderated in 
accordance with the Data Protection Act 1998. 
WILL I RECEIVE ANY REWARD FOR TAKING PART IN THIS STUDY? 
After completing the study, refreshments will be provided as reward for taking part in this study. 
CAN MY TAKING PART IN THIS STUDY END EARLY? 
You have the right 10 decide at any lime that you want to stop taking part in the study. You will 
not be given a 'no show' and you will not be treated negatively If you decide to stop participating 
before the study is over. 
WHAT IF I HAVE QUESTIONS? 
Please feel free to ask any questions that might come to mind now. Later, if you have any 
questions about the study you can can me on 07957 137637 or reach me by emall al 
r.a.barge@lboro.ac.uk. if you have any questions about your rights as a research volunteer, 
contact Or lan Campben at Loughborough University on 01509 228312 oremail 
r.l.campbell@lboro.ac.uk We will give you a copy of this consent form to take with you. 
User Reference No. I L. ___ ..... 
Consent of Participate In a Research Study 
• a LOl}ghb,orough 
.Umverslty 
User Acceptance of Virtual Reality Technologies 
(to be completed after Participant Information Sheet has been read) 
The purpose and details of this study have been explained to me. I understand that this study is 
designed to further scientific knowledge and that all procedures have been approved by the 
Loughborough University Ethical Advisory Committee. 
I have read and understood the information sheet and this consent form. 
I have had an opportunity to ask questions about my participation. 
I understand that I am under no obligation to take part in the study. 
I understand that I have the right to withdraw from this study at any stage for any reason, and 
that I will not be required to explain my reasons for withdrawing. 
I understand that all the information I provide will be treated in strict confidence. 
I agree to participate in this study. 
Signature of person agreeing to take part In the study oa'e 
Printed name of person taking part In the study 
Signature of person obtaining informed consent Date 
Printed name of person obtaining informed consent 
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User Reference No. I L ___ -' ~ Loughborough .. University 
Participant Information Questionnaire (1) 
We arc conducting this survey on behalf of the Department of Design &. Technology al 
Loughborough University. The aim of this survey is to assess the impact oh range ohirtual reality 
equipment on the comfort and health of its users. The infonnation you provide will remain 
confidential and will be destroyed once the survey is completed. We thank you for your participation. 
QI) Gender? (please tick ONE box) 
Male ........................... c 
Female ..................... c. 
Q2) How old are you? (Please tick ONE box) 
18-33yrs .................. c 
34 - 49yrs ................. [] 
50-6Syrs ................. 0 
+ 66yrs ..................... 0 
Q3) How tall are you? (Please tick ONE box) 
Less than 5ft [] (Under 152cm) 
Sft - 6ft [] (1 S3 - 182cm) 
6ft 1"-7ft 0 (183-2\3cm) 
+ 7ft 1" 0 (Over 213cm) 
Q4) How much do you weigh? (please lick ONE box) 
Less than 8st 0 (Under SOkg) 
8st -lOst a (51- 64kg) 
lOst llb-l2st 0 (6S-77kg) 
12stllb-14st 0 (7S-89kg) 
14sl11b-16st [] (90-102kg) 
16st llb-18st [] (102- Jl3kg) 
More than 18st 0 (Over 1 \3kg) 
QS) Do you use a computer? (please tick ANY box) 
At Home ................... 0 
At Work ................... 0 
At College I University •. 0 
While Commuting ....... 0 
Other (please State) ...... 0 ............................................................. .. 
Q6) How frequently do you use a computer? (Please tick ONE box) 
Daily ........................ c 
Weekly ..................... 0 
Monthly .................... 0 
Quarterly .................. a 
Yearly .......................... [] 
Not at all ................... 0 
P,T.O 
Q7) What do you use a computer for? (Please tick ANY box) 
Playing Games ....................... a 
Worlcing .••.•..•......•.•.....••..••.•. c 
Watching DVD's ...•.............•• , 0 
Intemet. •.••....•..••.••......••....... c 
Programming .•...•..•.........••..•.. 0 
Creating Graphics .................... 0 
Emailing .•....••..••....••..•••••.•.•• C 
Digital Photography ..•......•••.•..• 0 
Learning .............................. 0 
.a» l_tJ Lol;lghb.orough C "tI 
.. Umverslty CD "tI 
2LCD 
-'::l Oc. 
::l -, 
::l >< 
11) .... 
;'~ 
:tJcn 
11) .... 
;:I.C 
_, C. (')'< 
Other (Please State) .................. 0 ................................. ; ............................ . -c'm 11) I 
Q8) How frequently do you play computer games? (Please tick ONE box) 
Daily ................................... c 
Weekly ................................ 0 
Monthly ............................... a 
Quarterly .............................. 0 
Yearly ................................. 0 
Not at all .............................. 0 
Q9) What type of computer games do you play? (Please tick ANY box) 
Action (e.g. Quake) ................. 0 
Strategy (e.g. Civilisation) ......... 0 
Adventure (e.g. Wasted Dreams) .. 0 
RPG's (e.g. Diablo) ................. 0 
Sports (e.g. Premier Manager) ..... c 
SimulatioDS (e.g. The Sims) ....... 0 
Puzzle (e.g. Tetris) .................. 0 
(If '.tIIde"t' please stale currtnt cOUTle) 
Qll) What Is your first language (e.g. English)? (Please state) 
I 
Q12) Do you wear private or prescription glaues1 (please tick ONE box) 
Yes 0 Noo 
P.T.O 
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Q13) Are you colour blind? (plea$t tick ONE box) 
Yes 0 Noo Don'tKnow 0 
U 'yes' what type of colour blindness? (please tick) 
Protanomaly or ·Red·weakness· ............................... · •.. •··· o 
Deuteranomaly or 'Green·weakness· •.•...••••.••..•.••.•.•...•.•••.• 0 
Tritanomaly or 'Blue-weakness' .•••.....••••...••••..•..•....•.••.•.. 0 
Don't Know .............................................................. 0 
Q14) Are youT (please tick ONE box) 
Left Handed a Right Handed a Ambidextrous a 
~ Loughborough 
,., University 
Ql5) Do you suffer from BUY of the follo",lo& disabilities? (please tick ANY) 
Musculo-skeletal problems. Back or neclc. .......................... a 
Musculo-skeletal problems. Legs or feet ............................. 0 
Musculo-skeletal problems. Arms, hands ............................ 0 
Difficulty in seeing ....................................................... 0 
Difficulty in hearing ..................................................... 0 
Chest, breathing problems .............................................. 0 
Heart, blood, pressure, circulation ...................................... 0 
Epilepsy .................................................................... 0 
Mentall!lness ........................................................................ 0 
Depression. bad nerve!.. ................................................ 0 
Mental illness, phobia, panics ........................................... 0 
Learning difficulties ..................................................... 0 
Progressive illness not elsewhere classified .......................... 0 
Other problems. disabilities ............................................. 0 
Q16) Have you received medical treatment within the last year? (Please tick ONE box) 
Yes a Noo Don't Know a 
Q16a) Uyn, why (e.,. broken arm, accident al work)? (Pleose state) 
(N.B. If/or personal reasons please stale 'personal1 
P.T.O 
I!! Lo,!ghb,orough 
,.,UmvcfSlty 
Ql7) Which of Ihe following consumer products do you own? (please tick ANY) 
Colour TV ......................... 0 Video player ........................ 0 
Satemte !Digital I Cable ........ 0 Free View ........................... 0 
DVD Player ....................... 0 CD Player ............................ 0 
Laptop ................................ o 
Games Console ..................... 0 
Computer .......................... 0 
PDA ................................ ·o 
Mobile Phone ..................... c 
QlS) Please draw around your hand, Including the space In between you finge" and your 
wrist In the space provided below or on the back of this sheet: 
Thank you for your participation 
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User Reference No. I L ___ ..J .]:1 Lo~ghb.orough .,Umvel'Slty 
Product Evaluation (2) 
On the computer screen is a product, please take !i3 minutes to familiarise yourself with this 
product and the control system, then answer the following questions. some of which have 
examples, timing is not important, although it is monitored to account for exposure times, please 
remember this is not a race. if you have any questions please do not hesitate to ask. 
STOP POINT 1 - Please refer tll Self Evaluatlou (3) 
Ql) Colour I Shading- (See Example Sheet 1) 
What shade of red do you perceive this product to be? (Please tick ONE box) 
Example 1 Example 2 Example 3 Example 4 Example S Example 6 Example 7 
o 0 0 0 0 0 0 
Q2) Perceived Weight - (See Example Sheet 2) 
How much do you perceive the product shouldlwould weIgh? 
Pour out the sugar into the container until you achieve a weight you think resembles that of the 
product, then pass this to the researcher (l/you have any questions do not hesitate to ask). 
Q3) Perceived Balance 
Where do you perceive the balance of the object to be? (Please mark ONE cross on line) 
Top I Front End Heavy I I Bottom I Back End Heavy 
Q4) Form (Shape) 
Which of the following ~ describes the product's shape? (please tick ONE box) 
Cube 
o 
Cuboid 
o 
Can 
o 
Cone 
o 
Pyramid 
o 
Sphere 
o 
Torus 
o 
Q5a) Surface Texture - (See Example Sheet 3) 
Which texture do you perceIve the product handle to be? (please tick ONE box) 
Example I Example 2 Example 3 Example 4 Example S Example 6 Example 7 
o o o o o o o 
Q5b) Describe the central texture ofthe haDdle grip? (e.g. ridged) (please state) 
P.T.O 
Q6) Perceived Size - (See Example Sheet 4) 
.g Loughborough 
., University 
In the space provided below, can you draw a line to represent the height of the product, then draw 
another line to represent bow wide (at the widest point) you think the product to be? 
P.T.O 
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Q7) Surface Temperature 
How hotlcold do y08 perceive the surface of the handle to be? (p/ease tick ONE box) 
Cold Slightly Cold Cool Neutral Warm Slightly Hot Hot 
1 :z 3 4 5 6 7 
o o o o o o o 
Q8) Surface Reflection 
Do you think that the surface of this product would be? (p/ease tick ONE box) 
No Reflections 
1 :z 
o o 
3 
o 
Neutral 
4 
o 
5 
o 
6 
o 
Mirror Like 
7 
o 
Q9) Surface Refraction - Glass (1/ any) 
If you can see straight through the object, are things refracted when look through the 
object? (please tick ONE box) 
No Refraction 
1 :z 
o o 
3 
o 
Neutral 
4 
o 
5 
o 
QI0) Opacity 
Is the object opaque I see through? (please tick ONE box) 
6 
o 
Refraction 
7 
o 
Solid Colour (Opaque) Neutral Glass Like (See through) 
1 :z 3 4 5 6 7 
o o o o o o o 
STOP POINT:Z - Please refer to Self Evaluation (3) 
Qll) Material Used 
What Is the main material used to make the product? (please state) 
(Ifyau don', know then respond with 'don '( know J 
Q12) Manufacturing Method 
How do you think the main body of the product was made? (e.g. Injection moulded, 
machined)? (please state) 
(JfYOIl don 'I know then respond with 'don " know J 
P.T,O 
• D Lo':lghb.orough 
• UruVCrslty 
Q13a) How difficult do you think the access cover (located at base) IJ to remove! 
Easy to remove Neutral Hard to remove 
t :z 3 4 5 6 7 
o o o o o o o 
Q13b) Replacement Parts In Product 1_"'" ' .... dd.'" ~;"".n ............. " (P/._ &~) 
Q14) Surface Deflection (use of ha plies and/or animation) 
Is the product solid or squeezable (e.g. Glass or plastic bottle)? (Please tick ONE box) 
Solid <No movement) Neutral Squeezable 
1 :z 3 4 5 6 7 
o o o o o o o 
Ql5) Auditory Cues (1/ any) 
Either make the noise Into the video I tape recorder or describe what sound the product 
~i .. m _ ..... , (P/_.~,) 
Ql6) Functionality 
Describe what do you think the product does, and how? (please state) 
(Jfyou don " know then respond with 'don 'I know J 
Q17a) Ease oruse 
Do you think that the product would be? (please lick ONE box) 
Easy to use Neutral 
1 :z 3 4 5 6 
o o o o o o 
P.T.O 
Hard to use 
7 
o 
,g> 
c" C'D" (/) C'D 
!:!::l Oc. 
:l -, 
:l >< 
$I)~ 
::;- ~ 
C'DO 
:C' 
'"'en 0 .... 
c.C 
cc. 
n'< 
.... 111 
C'D 
< I 
!!!.C 
C (/) 
11) C'D 
.... '"' 
0'11) 
:l n 
,gg 
c" C'D-(/) 11) 
!:!::l 
o n 
:l C'D 
:l 0 
$1)-
~'< ~s: 
C 
$I) 
"C 
'"' o
~ 
"C 
5' 
ee 
e;-
n 
:::T 
:l 
o 
0' 
ee Cir 
(/) 
I 
IV 
-...l 
IV 
I 
~ Loughborough 
• University 
Q17b) How would you use the product? How does the interface work? (Please state) 
Q18) Interface - Displays (If any) 
Are the display. easy to read? What do they say? (please state) 
Q19) Interface - Controls (lfany) 
Do you think that the controls would be? (please tick ONE box) 
Easy to use Neutral Hard to use 
4 5 6 7 1 1 3 
0 0 0 0 0 0 0 
Q20) Pictures I Instructional Diagrams 
Describe or sketch any logos I diagrams on the produ.ct, including coloun? (Please 
state) 
Q21) Text I labels 
Describe any text on the product?h it easy to read? (p/ease state) 
P.T.O 
11:1 Lol}ghbprough 
.Umverslty 
STOP POINT 3 - Please refer to Self Evaluation (3) 
Q22) How is the oroduct powered? What does the power do? (please state) 
Q23) When switched on, what happens?, what movement does the brush head make? 
(PT~"' 
Q24) Context of use 
In what context do you think would this product be used (e.g. gardening, household)? 
(please state) 
Q25) Emotional Response 
How does this product make you feel? (please state) 
(Jfhavlng you are having difficulty please refer to the emotional response sheet) 
Q26) Pe~eived Cost I Value 
Do you think the product Is? (please mark ONE cross on line) 
Cheap I I Expensive 
Ql7) Perceived Quality 
Is the product made to a high I poor standard of quality? (please mark ONE cross on 
line) 
Poor Quality I~---------t High Quality 
P.T.O 
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Q2S) Comfort of use 
Do you perceive this product to be comfortable I uncomfortable to use? (please mark 
ONE cross on line) 
Uucomfortable J-----------II Comfortable 
Q29) Safe to use 
Do you think the product Is safe to use (are there sharp points, blades, dangerous 
chemicals etc)? (please mark ONE cross on line) 
Dangerous 
~ ______________ ~I Safu 
Q30) Pleasurable to use 
Do you think that this product would be fun to use? (please mark ONE cross on line) 
Boring 
~ ____________ ~I F~ 
Q31) Image - Fashionable 
Do yon think that the product appearance Is trendy, fashionable? (Please mark ONE 
cross on line) 
Unfashionable I----------~I Fashionable 
Q32) Environmentally Friendly 
How envlronmentany friendly do you perceive this product to be? (please mark ONE 
cross on line) 
Un-Environmentally Friendly I I Environmentally Friendly 
Q33) What are your views on the product, and why? (e.g. dislike It, love it, because of its 
style)! (p/ease stale) 
I STOP POINT 4 - Please refer to Self Evaluation (3) 
Thank you for your particlpatlon 
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Self evaluation (3) 
PLEASE COMPLETE THIS QUESTIONNNAIRE DURING THE PRODUCT 
EVALUATION WHEN YOUR RESEARCHER INSTRUCTS YOU 
We are conducting this survey on behalf of the Department of Design &: Technology at 
Loughborough University. The aim ohhis survey is to assess the impact ora range of virtual reality 
equipment on the comfort and health of its users. 
STOP POINT 1 
Ql)StartTime: 1-1 ___ ---1 
Q2) Please lndlcate on a scale of 0 to 3 (where 0 = no discomfort and 3 - consIderable 
discomfort) if you are e:s:periencing any discomfort? 
~ ..... !i::'~!!:.omf'::""'" ~,.-.., HEAD 0 1 Z ~ • I!!o',', ,,', ' ....... d ____ 0 0 0 0 ~' an.orboth ...... _ 0 0 0 C G 0... .. __ ._ 0 0 0 0 '0.' "'-~ '- No .. ____ 0 0 0 0 ::..... "'= Mouth _____ 0 0 0 0 
~Chl.-_-.-O 0 0 0 T""of ••• d __ 0 0 0 0 ,I' ," j, .. _ofh •••• _ 0 0 0 0 , ___ . _ _     ",' LP" of Dlacomfol't ..... 811ght .. CHI..... c...l,.,. .. 
CONTROL ARM 0 1 2 ~ 
Shou'd ... ___ 0 0 0 0 
WT,ot __ O 0 0 
\" ".nd __ 0 0 0 0 ~ ~===~ 000 ~ ~ ,'~~ 
Q3a) How do yon feel now? (Please lick ONE box) 
Cold Slightly Cold Cool Neutral Warm Slightly Hot Hot 
1 1 3 4 !I 6 7 
0 0 0 0 0 0 0 
Q3b} How would you prefer to be? (Please lick ONE box) 
Cold Slightly Cold Cool Neutral Warm Slightly Hot Hot 
1 1 3 4 !I 6 7 
0 0 0 0 0 0 0 
P.T.O 
STOP POINT 1 
~ Loughborough 
., University 
Q4) What Is the time: 1-1 ____ -' 
Q5) Please indicate on a scale of 0 to 3 (where 0 - no discomfort and 3 - consIderable 
discomfort) Ifyon are e:s:periencing any discomfort? 
STOP POINT 3 
~ ...... ==--=--.r-... H~~M" __ ~ 0 ~ c!J • J ,~. =:=::: ~ ~ ~ ~ c ~ ..... ____ o a 0 0 "" '-'=____ 0 0 0 0 
~=of-::=~ ~ ~ ~ ." t ___ of ..... __ 0 0 C 0 _____ 0 0 a 0 L.ewI ., DllICOrwfort - ....... -....-~ ~gzjC,~~RM ~ ~ ~ ~ \. \ ...... __ 0 0 0 0 "',,~_O 0 0 0 
Q6) What is the time: 1 L ___ .:-.l 
Q7) Please Indicate 011 a scale of 0 to 3 (where 0 - no discomCort and 3 = considerable 
discomfort) if you are experiencing any discomfort? 
~ ...... =~.cotntart~ .<-, H~ ...... __ tJ lJ ~ & . ~ 0..._'*" ..... _ 0 0 a 0 ~, """ _____ 0 0 0 0 ,", ____ 0 0 0 0 M ____ O 0 0 0 ~::.~~ ~ ~ ~ • ,," _ ...... __ 0 0 0 0 "" ____ 0 0 0 0 ,-,' .-of""""'" .................. ~ 
CONTROL ARM. • 2 • ___ 0 0 a 0 
P.T.O 
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STOP POINT 4 
Q8) What is the time: IL-____ ...J 
Q9) Please Indicate on a scale of 0 to 3 (where 0 .. no discomfort and 3 = considerable 
discomfort) if you are experiencing any discomfort? 
Lev., of Discomfort 
N_ s,,.,.. 
--
Conskkl1lble 
HEAD 0 1 2 3 
Foreh.ad .u_ .... _u. 0 0 0 0 
On. 0' both .a,. _. 0 0 0 0 
On. 0' both .ye. _ 0 0 0 0 
"~,  Nos •• _._ •• __ • __ 0 0 0 0 
" Mouth _ •••••• _._._ •• 0 0 0 0 
~"'"---_Q 0 0 0 Top of h •• d •••• ___ 0 0 0 0 
., ,j : R •• , of head ._.,_.. 0 0 0 0 
' Neck ___ ._. __ • 0 0 0 0 
Level of Discomfort 
--
Slight M ....... COlt.ld .... b .. 
CONTROL ARM 0 1 2 3 
Should., _._._. __ 0 0 0 0 
Upp., Arm ___ ._ 0 0 0 0 
0 0 0 
0 0 0 
0 0 0 
QIOa) How do you feel now? (P/ease fick ONE box) 
Cold Slightly Cold Cool Neutral Wann Slightly Hot 
1 1 3 4 5 6 
c c c c c c 
QIOb) How would you prefer to be? (p/ease fick ONE box) 
Cold Slightly Cold Cool Neutral Wann Slightly Hot 
1 1 3 4 5 6 
c c c c c c 
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User Acceptance or Virtual Reality Technologies (4) 
PLEASE COMPLETE TillS QUESTIONNNAlRE AT THE END OF YOUR 
EVALUATION SESSION WITH THE E UIPMENT 
We arc conducting this survey on beh.lf of the Department of Design & Technology at 
Loughborough University. The aim of this survey i. to assess the impact of a range of virtual .... lity 
equipment on the comfort and health of its users. The infonnation you provide will remain 
confidential and will be destroyed oncc the survey is completed. We thank you for your participation. 
Ql) Have you used this type of equipment betore? (please tick ONE box) 
Yes 0 Noo Don'tKnow 0 
QJa) UYes, where and when? (plcase state) 
I 
Q2) Have you ever received compnter related training? (please tick ONE box) 
Yes 0 Noo Don'tKnow 0 
Q2a) If Yes what, where and when? (Please state) 
Q3) Were you satisfied with how you used the eqnipment? (please tick ONE box) 
Yes 0 Noo Don't Know 0 
Q4) Was how to use the equipment self explanatory? (Please tick ONE box) 
Yes 0 Noo Don'tKnow 0 
Q5) Are there any adjustment' available on the equipment? (pleast tick ONE box) 
Yes 0 No 0 Don't Know 0 
Q6) Did YOll use them? (Pleast tick ONE box) 
Yes 0 Noo Don't Know 0 
Q6a) If Yes, what adjustment' did you use? (pleast state) 
I 
P.T.O 
• [J LOl;Ighb.orough 
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Q7) III your opinion bow realistic was tbe Image quality? (Please mark ONE cross on line) 
Fake ... I-------~I Realistic 
Q8) Did you experience any difficulties In viewing tbe prototype? (please tick ONE box) 
Yes 0 Noo Don'tKnow 0 
Q9) In your opinion how realistic was the sound quality? (Please mark ONE cross on line) 
Fake I I Realistic 
QIO) Did you notice any delay between you moving the controls and movement on the 
display? (Pleast tick ONE box) 
Yes 0 Noo Don't Know 0 
QlI) Whlcb of the following did you use to control the equipment I display? (Please tick 
ONE box) 
Left hand 0 
Switching between each hand 0 Q"r' ...... ~ ud ."lpmm, m.d. m. , ...... , 
Q"r" HOw," •• d ., ....... - ••• , 
Righthand 0 
Both 0 
Q'~I_ ......... , " ..,..~ .. ~ .... ... w .... ~ ....... ~, 
Q'T-_w,.. imp~ ......... n ud .,.tp_d (PI_ n,,") 
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Ql7) Did you at !!!I time stop uslne the equipment, other than to answer the questions? 
(Please tick ONE bar) 
Yes D NOD Don'tKnow D 
Ql8) How did you feel while using tbls sol'tware and equipment? (please tick ONE box) 
Comfortable D Uncomfortable D Don'lKnow D 
Q18a Ifvou felt uncomfortable ••• whv? (Please stale) 
Q19) Would you feel comfortable usin, this equipment everyday? (Please tick ONE bar) 
Yes D NOD Don'tKnow D 
Q20) What advanta!:e. do you think this equipment bring. over normal computer 
teehnolol:f (monitor. mouse, keyboard), If any? (Please stale) 
Q21) What disadvantage. do you think there are ofuslnl this equipment over normal 
computer technology (monitor. mouse. keyboard). If any? (please state) 
r.T.O 
Q22) Do you have any comments or questions? 
Thank You for taking the time to fiIl out the questionnaire. 
Please cheek your answers, as they are Important to us. 
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Qll) Mental Demand 
How much mental and perceptual activity was required (e.g. thinking, deciding, calculating, 
remembering, searching, looking etc.)? Was the task easy or demanding, simple or complex, 
exacting or forgiving? (please mark ONE cross on line) 
Low Mental Activity 1 ------------1 High Mental Activity 
Qll) Physical Demand 
How much physical effort activity was required (e.g. pushing, pulling, turning, controlling etc.)? 
Was the task easy or demanding, slow or brisk, slack or strenuous, restful or laborious? (please 
mark ONE cross on line) 
Low Physical Demand High Physical Demand 
Q13) Temporal Demand 
How much pressure did you feel due to the rate or pace at which the tasks occurred? Was the 
pace slow and leisurely or rapid and frantic? (please mark ONE cross on line) 
Low Pressure 1-1-----------1 High Pressure 
Q14) Effort . 
How hard did you have to work (mentally and physically) to accomplish your level of 
performance? (please mark ONE cross on line) 
Low Effort 1 High Effort 
QI5) Performance 
How successful did you think you were in accomplishing the goals of the task set out by the 
investigator? How satisfied were you with your performance in accomplishing these goals? 
(please mark ONE cross on line) 
Poor Performance Good Performance 
Ql6) Fnstration Level 
How insecure, discouraged, irritated, stressed and annoyed versus secure, gratified. content, 
relaxed and complacent did you fecI during the trail? (Please mark ONE cross on line) 
Low Frustration Level High Frustration Level 
Tbank You for taking tbe time to fill out the questionnaire. 
Your answen are important to us. 
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Individual Semi-Structured Interview I Dlscnsslon: 
Interview Structure: 
Participant Coding No: 
Date: 
III Loughborough 
• University 
• Introduction: Thank you for taking part in interview. Who I am, purpose of interview. 
confidentiality - no records will be kept with your name on them, ask permission to take notes, 
and record interview I discussion. 
• Key Questions: 
1. Is the actual product ",-hat you expected? 
2. Are there any differences from the virtual product? 
3. If there are any differences, what? By how much were you wrong? 
4. Which do you think would be easier to evaluate? 
S. What advantages do you think using the equipment brings? 
6. What disadvantages do you think using the equipment brings? 
7. What else would you have liked in the system? 
8. Is there any information you would want to know before purchasing this product? 
9. Ask specific question about technology, aspects ie the 3D image. comfort etc .• 
• Probes: 
1. Anything more ..• ? 
2. Could you go over that again? 
3. What is your personal view on this? 
4. Period of silence. enquiring glance, 
S. Repeating back all or part of what interviewee has just said. 
• Closure: Any questions? Thank you and goodbye. 
Key Points Raised: 
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Notes on Majenta Solutions Ltd & SensAble Technologies Inc 
Presents 
~ ~ 
The 1 UK FreeForm User Meeting - October 27 2005 
Value: Borclm Ventm cerm. UrIye'slty of w.rw!dt Sclence""et SIr WlID,m Lyons Road <:ovmrv CV4 7U 
• Majenta currently hold 27 accounts In the UK, 10 new customers both education / 
commerdal. 
• Concept 2.2. - HIgh value features, flexible, creativity, focuses on rapid conceptual 
design, new features Indude mask, emboss area, texture kiln, colour maps, height, 
occlusion mllps, with opacity and fan off, multiple piece support. 
• The Phantom desktop is the high end version designed ofr medical use, with minimal 
rrtctlon joints. 
• Phantom Omnl- wor1Is In maya, 6dof, users tend to have multiple models wi~ 
different levels of detail for different objects, high level detail, low detail for 
animation etc. Users tend to use foam pad, however after talking to other users, 
some coping strategies were reveled, like using phantom sideways positioning the 
wr1st sideways, and using short strokes, and re-orlentlng model, more natural wr1st 
position? 
• Oaytools - has tool boxes similar to adobe photoshop, new feature 'Interactive 
mirror', Import image as mask (use photoshop to sharpen displacement maps) for 
spraying, emboss area using texture maps, Maya - can use phantom In maya, export 
models Includes nmlted polygons - making It restrictive, !NW maps - ability to 
generate In daytools to export to maya, Allows hl-res models for animation through 
use of a smoothed model Is faster generation, curve network - IIblllty to split, alter 
has been Improved. 
• GUI left Sided, hidden me bar (Idea), details I options at bottom, photo-reanstlc 
rendering. 
• Animation - ability to feel 6dof for animation, feel surfaces to place objects on, 
• User - Nlltlonal centre for product design and development research I POR, use laser 
scanning Minolta vivio 900 used for medical applications, prosthesis I surgical guide 
design, freeform Is used because It is 'freer' than other cad pllckages, however there 
are accessibility problems, further problems with lack of dimensions, details, 
alignment Issues, possible Induslon c:J an engineering toolset, loading slow as models 
are large, 
• Freefrom Is Cl unique piece of sotware, very good with orgalnk: forms, easy to alter, 
some users sit In front of screen Increasing back I shoulder strain, wedgewood have 
created a cup type mechanism for users to rest theIr arms on In order to reduce the 
load. 
• POO desIgn - use In house people for evaluation, variety of users, model initial ideas, 
In blue foam (weighted If necessary) using cad machine at ellrliest possible poInt In 
the desIgn process, outsource f.p., for product validation / evaluation. 
• McxJellng Plus 8.2: l1Ick of Interoperablllty, ability to Import Iges files more 
effectively, Improvement of line, select - poInt by poInt, good for digital concept 
creation, Improvement In stability, reliability, surface Improvements, modenng 
features, reduced llablOty to crash, quality of surfaces, fixed 400bugs, 40% customer 
reported, 450hrs of worktlow testlng, 19 formal beta testers, 17/21 extemal testers, 
performance -Improved effidency, curve handling - polnt and Iges work flows, 
faster modenng, reform - 33% fllster than 8.1, spIn 15% faster than 7.1, memory 
utilization Improved, surfadng - more control using third poInt I patching - better 
U.I, Indudes iges, step, parasond, features Indude: shape plus, pipe, emboss area, 3 
point plane, resistant groove, redesigned rendering UI, variable round, rectangular 
IIrray, memory meter, enhanced mask. 
• V9.a ShoUld JJe ready' by 2"" Quarter 2006, focus on Improvement In UI and forus on 
manufacturing, surfadng, stI's, molding Improvements. Higher quality files for 
output, more accurate stI decimation! faster, easier to learn UI, new licencing 
strategy, improved Interoperatablllty with RP machines, sticky notes attach to model, 
autogrid, autopatch, lightweight day viewer I renderer, VRML export, gravity wells In 
buttons, 192 different dynabars at bottom, 
• V10.0, 4th Quarter 2006, utlnzes 64bit operation, modular, scalability, extensive 
feature development, customlzatlon, haptlcs assist, finer grain voxel - which Is 
already tighter than the smallest cutting tool, dual opteron processor 64bit Is >75% 
faster, ability to extract curves from the model, bug reporting - direct to company, 
more control over contour fashioning, W maps by Image, new UI Is a list deSign, 
drop down arrows, 
• Games Workshop, James Mason, digital process manager, founded In 1976, produce 
6Omillion figures per year, £100mllllon turnover, traditional process, sculpture x3, 
master models, metal casting, resin based pantography, Injection moulding, GW 
Nottingham - design studiO, GW W1sbeach Is tooling, resin, layup pattern, having 
problems getting designers to use system so doing It backwards production to 
design, design pipeline, sketch - design mocIeI- freefrom - r.p - reverse eng - rhino 
- scanning - level of detail! speed! cost are factors, CGI scanner! point cloud using 
geomajlc to create stI, scan dean up - freeform Is very good at this, their holy grail 
Is digital mould design, useful for renevlng bottlenecks - use r.p to create parts to 
paint 3wks Into process, 24 wks design cycle, dip Into vr to help, right design - right 
first time, high res scans - 14gb file size, increase detail, refined In freeform, 
developing complex split lines, however the files are so large freefonn cannot display 
the complete mould at one tlmel 
• Problems- not available on the mac, very high end computer and graphics system 
required, use of parallel port on phantom - should be usb2 or fire-wire, buttons don't 
work on omnl directly - users should be able to assign them easily, Inter-
operatabiltly Issues, lack of dimensions, details, alignment Issues, need a cancel 
button as an Itterupt as some functions take ages to compute! Some functions don't 
undo, 
• Personal Ideas - hidden tool bars, scroll wheel on phantom for menu systems, 
inclusion of wrist wamlngs and suggested positions In documentation, better wrist 
support? Could Indude ability to assign datum planes, In personal opinIon most 
problems should be solved with the new 64-bit operating systems, and sn twin 
graphics cards, combined with modenng plus version 10. Ability to change font size 
and background layout, Icon size, colour coded parts related to object list, no plans 
to combine phantom with stereographk:s In the near future, consider dual handed 
use, customize where put Icons + add/remove them, history - undo, radial array, 
IIssign different mocIenng materials wIth different reactions (stlckyness, deformation, 
hardness), auto hide - toolbars, drop down list could be at point of control, whIte 
background, several views / quad view, auto draft tool, 
Other thoughts 
• Research costlngs and types of R.P - compare, CAD file formats, 
• tIIr evaluations, or complex need more than simple Images for a true eval, slrnplier 
Items gain a more valid result. 
• tllse studies? 
• Contact tefallf usIng theIr Irons, pass get a professIonal company to eval, or create the 
3D views? 
• Economical values 
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Appendix 7.16 - Study 8 - Results collected from the participant information questionnaires 
, ".-- -
u? 
Responses 
All participants responded with 5ft 1" - 6ft. 
1 All participants responded with 5ft 1" - 6ft. 
2 1 All participants responded with 5ft 1" - 6ft. 
3 1 participant responded with 6ft 1" - 7ft, the remaining participants responded with 5ft 1" - 6ft. 
4 14 participants responded with 5ft 1" - 6ft, 2M responded with 6ft 1 "-7ft. 
""'I'll."", 7.16b - How much do h? 
Responses 
I~====: 
110st 11b - 12st (3F), 12st11b - 14st (2M, 1 F), 14st11b - 16st (2M). 
8st - 10st (1 F), 1 Ost11b - 12st (1 M, 1 F), 12st11b - 14st (1 M, 2F), 14st11b - 16st & 16st11b - 18st (1 M). 
2 8st-10st (2F), 10st11b -12st (1M, 2F), 12st11b -14st, 14st11b -16st and 16st 11b -18st (1M). 
3 8st-10st (2F), 10st11b -12st (1M, 2F), 12st11b -14st (2M), 14st11b -16st (1M). 
4 8st-10st (1F), 10st11b -12st (2F), 12st11b -14st (2M), 14st11b -16st (1M). 
An'r'\ol'l,rtix 7.16c - Do 
Responses 
At home 
At work 
At college I university 
While commuting 
Other ... on holiday 
use a ~nn1l'u 
No. of Respondents 
By Gender 
Male 
14 
12 12 
2 
o 
8 
2 
o 
o 
No. of Respondents 
By Age 
8 8 
o 
o 2 
o 
o 
o 
o 
o 
24 
3 
2 
Responses 
No. of Respondents 
By Gender 
No. of Respondents 
By Age Total (n=36) 
Male Female 111-
Daily 17 13 9 10 9 2 30 
Weekly 0 0 0 0 
Monthly 0 2 0 0 2 
Quarterly 0 0 0 0 0 0 0 
Yearly 0 11 0 11 0 0 0 0 0 
1 Not at all 2 
11 
3 
11 
0 0 0 5 5 
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nn'~nnix 7.16e - What do use a corn rfor? 
, No. of Respondents 
Responses By Gender 
No. of Respondents 
By Age Total (n=36) 
Male Female 
I Playing games 10 7 17 
Working 14 14 9 9 9 2 28 
Watching DVD's 3 4 0 0 0 4 
Internet 12 10 10 8 9 2 22 
Programming 0 0 0 0 
I Creating graphics 0 0 2 
Emailing 14 12 10 7 7 2 26 
I Digital photography 9 4 I 6 3 3 12 
I Learning 4 8 I 4 3 3 2 12 
Other ....... 2 I 0 3 
Other responses included: Ebay, listening to music, MSN Messenger and online chat-rooms 
ndix 7.16f - How ? 
Responses 
No. of Respondents 
By Gender 
No. of Respondents 
By Age Total (n=36) 
Daily 
I Weekly 
Monthly 
I Quarterly 
Yearly 
Not at all 
o 
I~===: 
I~===: 
2 
IF===~ 
3 
IF===~ 
4 
3 
6 4 6 3 0 10 
3 2 0 4 
0 0 0 0 
0 0 0 0 
7 12 0 4 8 19 
Responses 
Responses were Action, Strategy, Simulations and Adventure for the 18-33 age group and Strategy only for the 
34-49 age group. 
Participants aged 18-33 responded with Action, RPG's, Simulations and Puzzle games. Participants aged 34-
49 responded with Simulation and participants aged 50-65 responded with Puzzle games. 
Participants aged 18-33 responded with sports, action, simulations and puzzle games, participants aged 34-49 
responded with strategy games and participants aged 50-65 responded with puzzle games. 
Participants aged 18-33 responded with sports, action and puzzle games, participants aged 34-49 responded 
with puzzle games and participants aged 66+ responded with simulation and puzzle games. 
Participants aged 18-30 responded with Action, Sports (M) and Strategy, Simulations, Puzzle (F). Participants 
aged 34-49 responded with Strategy and Puzzle (M), Sports and Puzzle games (F). Participants aged 50-65 
didn't respond. 
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7.16h - What is on? 
Responses 
o Removals porter, student, management consultant, secretary, managing director, office assistant and retired. 
Sound engineer, marketing manager, retail manager, customer services administrator, director, driver / store 
man and retired. 
Yes 
2 
3 
4 
Part time clerical officer, managing director, customer service advisor, electrician, sales and marketing 
manager, operations manager and retired. 
Account managers (2), administrator, sales, manager, finance manager, retired teacher and retired. 
Lecturer, nightclub manager, PhD student and retired. 
ndix 7.16i - Do ? 
Responses 
No. of Respondents 
By Gender 
Male 
11 
No. of Respondents 
By Age 
'~N=o=====~11 8 5 7 4 2 
The responses why participants had to wear prescription glasses were as follows: 
13 
• Condition 0: Participants responded with reading (4), long sighted (1), short and long sighted (1).-
• Condition 1: Participants responded with vari-focals (2) for reading (1). 
• Condition 2: Participants responded with eye correction, reading (2), both long and short sighted, short 
sighted. 
• Condition 3: Participants responded with reading (3), short sighted (4). 
• Condition 4: Participants responded with computer work, reading, driving. 
ht handed? 
I 
Responses 
No. of Respondents (Gender) No. of Respondents (Age) 
Male Female 
Left handed o 2 
Right handed 18 17 35 
Ambidextrous o o 
Appendix 7.16k - Do ou suffer from any disabilities? 
Condition Participant No. Problem 
15 11 Musculo-skeletal problems: Arms, hands. 
~===~ 
34 " Difficulty in hearing. 
~===~ 
8 I Musculo-skeletal problems: Back or neck. 
~===~ 
16 Musculo-skeletal problems: Back or neck. 
~===~ 
1. Photo renderings 
12. Preset animations 
12 Musculo-skeletal problems: Back or neck & difficulty in hearing. 
~===~ 3. Pro/ENGINEER 
25 Musculo-skeletal problems: Back or neck. 
14. PHANTOM!!) / Freeform 22 Musculo-skeletal problems: Back or neck. 
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A endix 7.161- Have ou received medical treatment within the last ear? 
No. of Respondents (Gender) No. of Respondents (Age) 
• 1~IY=es======~I~1 ===5==~1~1 ===5==~1~1==5~~==~~~~3~11 10 1 
1 No " 14 " 14 11 5 10 9 5 11 28 1 
Responses 
Male Female 
ix 7.16m - Which of the followi consumer roducts do own? 
Responses 
No. of Respondents (Gender) No. of Respondents (Age) 
Male Female 
Colour TV 19 19 
Satellite / digital/ cable 17 6 7 9 2 23 
DVD player 16 17 10 10 9 4 33 
Computer 16 16 10 10 9 3 32 
PDA 3 3 3 2 0 6 
Mobile phone 17 16 10 10 10 3 33 
Video player 19 17 9 10 9 8 36 
Freeview 4 6 3 0 4 3 10 
CD player 14 16 9 9 8 4 30 
Laptop 7 7 4 4 5 14 
Games console 6 6 4 8 0 0 12 
Appendix 7.17 - Study B - Results collected from the product evaluation questionnaires 
Ap endix 7.17a - What shade of red do ou erceive this roduct to be? 
Conditions 
Example Ir=======;r=-==;r-====;-----o. Actual product 50% 10% 40% I 
~==============~~====~~==~:P===~ 
1. Photo renderings 45% 15% 20% 20% I 
2. Preset animations 50% 25% 12.5% 12.5% 1 
3. Pro/ENGINEER 50% 12.5% 12.5% 12.5% 12.5% I 
~================~~====~~====~ 
4. PHANTOM® & Freeform 100% 1 
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Conditions 
O. Actual 
product 
1. Photo 1949 
renderings 
2. Preset 
animations 
3. 
Pro/ENGINEER 
4. PHANTOM® 
& Freeform 
Appendix 7.17c - Where do 
Conditions 
O. Actual product 3.8 
1. Photo renderings 3.7 
2. Preset animations 4.5 
3. Pro/ENGINEER 4.3 
4. PHANTOM® & Freeform 4.6 
142g 
4.4 4.1 
3.8 3.75 
3.6 4.05 
3.7 4 
3.2 3.9 
I(g Loughborough 
., University 
+40g 
+7g 
+7g 
+61g 
Participant Error (overall 
average - actual) 
0.3 
0.05 
-0.25 
-0.2 
-0.1 
.... n." .. ndix 7.17d - Which of the Tnlln"".nn best describes the 
, 
Responses 
Cube 
Cuboid 
Can 
I Cone 
Pyramid 
Sphere 
Torus 
,'. -"~ ... ' 
No. of Respondents 
By Gender 
Male 
0 0 
0 
14 12 
5 6 
0 0 
0 0 
0 
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0 
0 
7 
3 
0 
0 
No. of Respondents 
By Age 
0 
0 0 
7 5 
3 5 
0 0 
0 0 
0 0 
7 26 
0 11 
0 0 
0 0 
0 
!IQ L01;lghb.orough 
.Umverslty 
A dix 7.17e - Which texture do rceive the duct handle to be? 
Conditions Example 
O. Actual product 
1. Photo renderings 25% 
2. Preset animations 12.5% 50% 12.5% 25% 
3. Pro/ENGINEER 12.5% 37.5% 50% 
4. PHANTOM® & Freeform 17% 67% 17% 
A endix 7.17f- Descri tion oftexture ofthe roduct handle 
Conditions Descriptions 
O. Actual product I Bobbly (2), bumpy, dimpled, knobbly (2), ridged, bubbly. 
1. Photo renderings I Bobbled, bubbly (2), dimpled (2), slightly bumpy perhaps a bit sticky, knobbly, like a . nutmeg grater. ~==============~ 
2. Preset animations 
I 
Soft rubber feel with pimple texture, bobbly, rubberised, honeycomb, pimp led, bumpy, 
. soft rubber and ridged. 
~==============~ 
3. Pro/ENGINEER I Bobbly, Pimpled, Ridged, Bubbled, Raised and Knobbly, Larger version of Braille. 
I~======~ 
4. PHANTOM® & Freeform I Ridged, bumped, bobbly, rubbery and flexible blobs, bobbled ridges, raised. 
Conditions 
O. Actual product 
1. Photo renderings 17.1 -0.6 
2. Preset animations 13.6 -4.1 
3. Pro/ENGINEER Height 17.8 18.8 17.0 -0.7 
4. PHANTOM® & Height 17.7 15.0 16.0 -1.7 Freeform 
O. Actual product Width 4.7 4.6 3.8 +0.1 
1. Photo renderings Width 4.0 4.3 +0.6 
2. Preset animations Width 2.8 3.0 3.1 -0.6 
3. Pro/ENGINEER Width 3.2 3.8 -0.1 
4. PHANTOM® & Width 3.5 5.0 5.4 5.1 5.9 +1.1 Freeform 
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Appendix 7.17h - Surface temperature, how hot/cold do you perceive the surface of the 
handle to be? 
o 
1 
2 
Responses 
The majority of participants responded with 'neutral' (1 M, 3F), 1 participant (M, 66+) responded with 'cold', 1 
participant responded with 'cool' (M, 18-33) and 2 participants with 'warm' (34-49M, 50-65F). 
The majority of participants responded with 'neutral' (3M, 1 F), 1 participant (F, 18-33) responded with 'cool', two 
participants responded with 'warm' (50-65M/F) and 1 participant with 'slightly hot' (F, 66+). 
The majority of participants responded with 'warm' (2M, 2F), 1 participant (F, 66+) responded with 'cold', two 
participants responded with 'neutral' (18-33M, 50-65M) and 1 participant with 'slightly hot' (F, 50-65). 
I~=~ 
3 All participants responded with 'neutral', except one (M, 66+) who responded with 'cool'. 
4 All participants responded with 'neutral'. 
Ap~=d=i=x=7=.1=7=i=-=D=o~==t=h=in=k~th=a=t=t=he==s=u=rf=a=ce==o=f=th=i=s~==u=c=t=w=o=u=l=d=b=e==re=fl=e=c=ti=ve=?=.== 
Conditions Response (where 1 = no reflections, 7 = mirror like) 
O. Actual product 
1. Photo renderings o 2 3 2 o o 
2. Preset animations o o 6 o o 
3. Pro/ENGINEER o 3 3 o o 
4. PHANTOMil!> & Freeform o 1 3 o o 
- Materials used what materials are used to make the 
Responses 
o Participants responded with 'Plastics, Nylon and Rubber'. 
1 Participants responded with 'Plastic, Rubber, Bristle Hair' and a 'Don't Know' (Participant 8). 
2 All participants responded with 'Plastic', except participant 36 responded with 'PVC'. 
3 All participants responded with 'Plastic, Rubber and ABS Plastic'. 
4 A" participants responded with 'Plastic'. 
A endix 7.17k - How do ou think the roduct was made? 
Response (No of Responses) 
Conditions 
Machined 
O. Actual product o 
1. Photo renderings o 
2. Preset animations o 
3. Pro/ENGINEER o 
4. PHANTOMil!> & Freeform 2 
Moulded 
3 
2 
2 
2 
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Injection 
Moulded 
3 
4 
3 
3 
2 
Vacuum 
Formed 
2 
o 
o 
o 
Don't Know 
o 
3 
2 
IJ::I. Loughborough 
• University 
Appendix 7.171- How difficult do you think the access cover (located at base) is to 
remove? ~~================================================================= 
Conditions Participant Error (overall average - actual) ••• Ir=~~~~~~======~r====~ r=====================~ o. Actual product 6 
1. Photo renderings 2 4.25 3 -3 
2. Preset animations 4.5 3.25 4 -2 
3. Pro/ENGINEER 4.75 3.5 4 -2 
4. PHANTOM® & Freeforrn 3.3 1.7 2 
u think are reruac::eable? 
Responses 
All participants responded with 'brush head, handle grip' (1), 'bottom & batteries'. 
Participants responded with 'batteries' (7), 'brush-head and base' (1). 
2 All participants responded with 'batteries and brush-head' (8). 
3 All participants responded with 'brush-head only' (4), 'batteries & head' (3) and 'batteries only' (1). 
4 Participants responded with 'Batteries and Head' (4), 'batteries only' (1), 'brush-head only' (1). 
uct solid or le? 
I 
Conditions 
Response (where 1 = solid, 7 = squeezable) 
o. Actual product 
1. Photo renderings 
2. Preset animations o 3 2 
3. Pro/ENGINEER 3 o 2 o 
4. PHANTOM® & Freeforrn 3 1 o 
A endix 7.170 - Audito 
Condition 
I 
Responses 
o 
o 
o 
o 
o Participants responded with 'Paranoid Darlic Whirring, Hard, Rough Sound, Like Battery Toothbrush, Rattles, Fast Woodpecker, Whirring, Whirling Noise and Buzzing Sound'. 
1 (no sound) 
2 
3 (no sound) 
4 (no sound) 
Only one participant responded with 'Buzz, Electric Toothbrush only deeper'. 
Participants responded with a range of responses with 'Buzzing' (4), 'Whirring' (2), 'Electric 
Toothbrush' (1) and 'Drrrr' (1). 
Only one participant responded with 'Buzz I hum of motor' (M, 66+). 
Only three participants responded with 'Buzz' (1), 'Whirring Sound' (1) and 'Buzzing' (1). 
-287-
~ Lo~ghb.orough 
.Umverslty 
describe what do u think the uct does? 
Responses 
I 
Participants responded with 'stain remover' (3), 'cleaning apparatus' (2), 'for washing up' (2) and 'cleaning 
. clothes' (2). 
I:===~ 
1 Participants responded with 'stain remover' (3), 'cleaning clothes' (3), 'massager' (1) and 'appliance cleaner' (1). 
2 Participants responded with 'toothbrush' (4), 'nail buffer' (1), 'shoe shiner' (1) and 'sink cleaner' (1). 
I~==~ 
3 Participants responded with toothbrush (4), appliance cleaner (1), massager (1) and shoe cleaner (2). 
I:===~ 
4 Participants responded with 'toothbrush' (3), 'plate cleaner' (1) and 'cleaning apparatus' (2) (one participant also responded that you need to 'press button on the back'). 
A endix 7.17q - Describe how the roduct does what it is supposed to? 
Condition Participant No. Problem 
9 1 Rotation of brushes breaks up source of stain. 
4 11 Uses head as a cleaning device. 
O. Actual product 3 11 Movement of brush head. 
6 Rotation of head cleans away debris. 
5 Rotating scrubber. 
Turn on brushes, rotate to clean clothes. 
10 Use it with detergent scrub to remove stains. 
1. Photo renderings 7 Rotating head movements. 
8 Abrasive. 
""e'nnix 7.17r - Ease of use do think that the roduct would be to use? 
Conditions 
Response (where 1 = easy to use, 7 = hard to use) 
--I O. Actual product 1 0 11 0 I 
1. Photo renderings 5 3 0 11 0 I 0 0 0 
2. Preset animations 7 0 I 0 I 0 0 0 
13. Pro/ENGINEER 5 2 0 "·0 0 0 
4. PHANTOM<i!> & Freeform 2 2 0 0 0 
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A endix 7.17s - How would ou use the roduct? How does the interface work? 
Condition 
o. Actual product 
1. Photo 
renderings 
2. Preset 
animations 
3. Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
Participant / 
Gender / Age 
9/ M /18-33 
4/F/18-33 
27/ M /34-49 
3/ F /34-49 
2/ M /50-65 
6/ F /50-65 
Response 
By switching on and pressing against stain. 
Switch on, move up and down. 
Switch on, use! 
Turn it on, press to dishes. 
Switch. 
In a circular action. 
5 1 M 166+ Pressing against article to be cleaned. 
I~=======: 
1 1 F 166+ Turn switch up. 
~====: 
10 1 M 118-33 Put batteries in it, turn on power switch. 
I~=======: 
11 1 F 118-33 Use switch to turn it on. 
331 M 134-49 When item switched on I would use a circular motion on fabric. 
18/ F 134-49 Rubbing the bristles on skffi-clothes. 
7 / M / 50-65 Backwards and forwards, circular motions. 
15/ F / 50-65 Use on dry clothing before going in washing machine. 
8/ F / 66+ Circular movement. 
17 1 M /18-33 I Held in hand, switch on, apply to mouth. 
13/ F /18-33 You would rub it across fingernails, where rotating head would buff. 
35/ M/ 34-49 Pressure and movement. 
26/ F /34-49 Switch button on, back up. 
16/ M /50-65 Sliding switch. 
~====: 
32/ F /50-65 
36/M/66+ 
37/ F /66+ 
12/M/18-33 
25/ M/34-49 
40/ F /34-49 
43/ M/50-65 
41/M/66+ 
42/ F 166+ 
22/M/18-33 
29/ F 118-33 
23/ M /34-49 
Turn on, hold in hand and move over surface. 
Handheld. 
By hand movement. 
Apply detergent and pressure. 
Polishing shoes, round movements. 
Hand held, rotate. 
Rotating motion. 
Use with cleaning paste, oscillating motion / circular motion. 
Switch on, rotate head. 
Use switch to turn it on. 
Hold in hand use as a 'normal' scrubbing brush. 
Thumb to turn on, use as toothbrush. 
44/ F /34-49 Thumb switch, think the bristles rotate. 
~====: 
46/ M / 50-65 Similar to toothbrush. 
45/ F /50-65 Switch / press button to start, use in a rotary motion. 
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Condition 
o 
1 (all logos) 
2 (all logos) 
Responses 
All participants responded with 'tide logo'. 
~ Loughborough 
• University 
All participants responded with 'tide, circular logo or brand name of cleaning agent'. 
All participants responded with no answer (3), 'no' (2), 'logo on head' (2), 'something beginning with 
'T" and 'yes' (1). 
I~=======i 
3 (ring logos only) All participants responded with 'none'. 
4 (ring logos only) Participants responded with no answer (2), 'can't see zoom doesn't work' (1), 'logo around brush head' (1), 'small logo' (1) and 'no' (1). 
A endix 7.17u - Describe an text on the roduct? 
Condition Responses 
o Participants responded with 'Tide logo' and 'CE Mark' (6), 'Tide' (1) and 'Tide, CC on base' (1M, 66+). 
1 (all logos) Participants responded with 'no' (1), no answer (4), 'tide' (2M/F, 18-33, F34-49). 
2 (all logos) Participants responded with 'no' (4), no answer (2), 'company logo' (1 M, 18-33) and 'tick' (1 F, 50-65). 
3 (ring logos only) All participants responded with 'None'. 
4 (ring logos only) All participants responded with 'None'. 
A endix 7.17v - How is the roduct powered? Is it rechar eable? What does the ower do? 
p.!.!.ijj[.!.F Responses 
~ Participants responded with 'Battery, possibly rechargeable, rotates brush-head' (4), 'battery' (3) and 'battery, 
not rechargeable' (1F, 66+). 
~ Participants responded with 'batteries' (4), 'Batteries drives motor' (3) and 'battery power, rotates brush head' 
(1M, 34-49). 
I 2 I Participants responded with 'battery powered, power rotates bristles' (6) and 'batteries' (1 F, 34-49, 1 M, 66+). 
~ Participants responded with 'batteries' (5), 'two batteries power a motor' (1 M, 18-33), 'batteries, rotate head' 
(1F, 50-65) and 'battery powered motor' (1M, 66+). 
~ Participants responded with 'batteries' (4), 'batteries powers motor and rotates brush' (1 M, 18-33) and 'batteries 
x2 or x4, oscillates brush head' (1F, 18-33). 
I~==~ 
1 
2 
3 
4 
ns when the ct is switched on? 
Responses 
Participants responded with 'head rotates' (4), 'head vibrates and moves' (F, 18-33), 'the brush head tums' (F, 
34-49), 'it oscillates' (M, 50-65) and 'head moves in a circular action' (F, 50-65). 
Participants responded with 'rotates' (4), 'motors move the brush head' (M, 18-33), 'brush would rotate back 
and forth' (M, 34-49), 'oscillates' (F, 34-49) and no answer (M, 50-65). 
Participants responded with 'oscillates' (7) and 'rotates' (F, 18-33). 
Participants responded with 'oscillates' (5) and 'rotates' (F, 18-33, 34-49, 50-65). 
Participants responded with 'oscillates' (F, 18-33) and 'rotates' (5). 
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Ap endix 7.17x -In what context do ou think would this roduct be used? 
Responses 
Conditions 
Household Bathroom Personal Hygiene 
o. Actual product 8 0 
1. Photo renderings 8 0 
2. Preset animations 3 2 
3. Pro/ENGINEER 4 3 
4. PHANTOM® & Freeform 
11 
2 
- Emotional rACtn".nC:A how does this 
Conditions 
o. Actual product 
1. Photo renderings 3 3 
2. Preset animations 3 2 
3. Pro/ENGINEER 5 
4. PHANTOM® & Freeform 3 o 
A endix 7.17z - Additional views and comments 
Condition Participant / 
Gender/Age 
0 
0 
3 
2 
Responses 
2 
Response 
Kitchen 
0 
0 
0 
0 
feel? 
o 
o 
o 
O. Actual product 
Generally similar comments: Does its job, like colour, seems attractive and stylish, firm grip section, 
ok - indifferent, nice looking, another gadget which would end up in cupboard, another gimmicky 
product, like its style and pleasant colour. 
1. Photo 
renderings 
2. Preset 
animations 
10/M/18-33 I Quite a nifty idea to clean stains weather a motorised brush is needed I don't . know. I:=====~ 
11 IF 118-33 11 Colourful, reduces scrubbing! 
33 I M I 34-49 Like it, because it is useful and stylish. 
:=====~ 
18 I F 134-49 This is just another gadget that mayor may not work. 
I~===~ 
7 I M I 50-65 Useful for cleaning bad stains. 
15/ F 150-65 Very interested, want to know if it is going to help me. 
8/F/66+ Quite a labour saving device. 
17 I M 118-33 Hasn't this already been done? 
I~===~ 
13 I F 118-33 Don't like the colour - prefer lilac. 
351 M 134-49 Labour saving. 
26 I F I 34-49 I think it is fine. 
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A endix 7.17z - Additional views and comments 
Condition 
3. Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
Participant / 
Gender/Age 
16/ M / 50-65 
32/ F / 50-65 
36/ M / 66+ 
37/ F / 66+ 
12/ M /18-33 
25/ M / 34-49 
40/ F / 34-49 
41/ M / 66+ 
42/ F / 66+ 
23/ M /34-49 
Response 
Looks good, comfortable to use. 
Could be useful. 
Ok. 
I like the engineering aspect and the easy method of teeth / gum cleaning 
suggests it might well become popular with children especially easy to pack 
and carry around not confined to the bathroom. 
Colourful. 
Looks ok, would not a problem using it. 
Pleasant on eye , small enough to be portable. 
Styl ish, Attractive, Comfortable to use. 
Like style and colour. 
An intriguing design that looks to have a purpose for some form of personal 
hygiene. 
Appendix 7.18a - Study B - User acceptance of virtual prototyping technologies 
questionnaire (example sheet 1) 
... 
... .. 
.t> 
-.: g 
.. 
.c 1Z 
CIl = 
.!! "& 
Co .. 
El ... ~ 
.. ;9 >C Id I II f;I;l .. >-"2 .. .. ... = 0 ~ 
0 
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.. 1 . .. on ..c r.:. - ... ... ('l M ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ ... .. 
~! -a. -a. -a. -a. -a. -a. -a. 
.. - 5 5 5 5 5 5 5 =~ .. .. .. .. .. .. .. 
.2.: ~ >C ~ ~ ~ ~ ~ a~ roil roil roil roil roil roil roil 
0. 
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I 
EmotIonal Response Worksbeet 
Ql5) Emotionl Response 
How does the product make you feel? 
This product makes me .••.• ? 
Please choose any selection of wotds from the lists around the diagram below: 
Unple .. ant excited 
irritated 
disgusted 
Indignant 
lInpleesantly surprised 
frustrated 
greedy 
alarrned 
hostile 7 
Unpl ..... nt Av.,a,a 
disappointed 
contempt 
Je810u. 
di ... tf.fled 
disturbed 
flabbergasted 
cynic .. 
bored 
cad 
Isolated 
melancholy 
.,ghlng 
Neutral Excited 
curious 
IImlzed 
avariclout 
stimul8ted 
conc.ntrated 
astonished 
.ager 
NoutrllCalm 
awaiting 
deferent 
PI .... nl Excltod 
.. tisfled 
softened 
Pleasant Average 
pl ..... mly surprised 
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Appendix 7.19 - Study 8 - Results collected from the self evaluation questionnaire 
Ap endix 7.19a - The prevalence of ph siolo ical discomfort 
Conditions 
O. Actual product 
I~==============~ 
1. Photo renderings 
2. Preset animations 
I~======~ 
Prevalence of Discomfort 
No-one experienced any physiological discomfort. 
One participant experienced slight hand discomfort during the trial this was due to 
previous medical problems (Participant 15: F, 50-65). 
No-one experienced any physiological discomfort. 
3. Pro/ENGINEER No-one experienced any physiological discomfort. 
I~==============~ 
4. PHANTOM® & Freeform Some slight discomfort was experienced in the eye (Participant 44: F, 34-49) and wrist 
(Participant 22: M, 18-33), this could be due to previous medical problems. 
4 
4 
4 
5 4 
3 3 0 3 
4 
4 4 0 
4 4 0 4 0 
5 6 ·1 6 
4 4 0 4 
5 5 0 5 
4 0 4 4 0 
5 0 5 5 
6 6 6 0 
3 +2 5 3 +2 
0 4 4 
3 3 0 
66+ 0 5 5 
18 - 33 0 
34 -49 
00 50 - 65 
001 66+ 
001 18 - 33 
001 34 -49 
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Appendix 7.20 - Study 8 - Results collected from the user acceptance of virtual 
prototyping technologies questionnaire 
Condition 
1. Photo renderings 
No 2 
Yes 4 
2. Preset animations 
No 0 
Yes 4 
3, Pro/ENGINEER 
4. PHANTOM<i!> & 
Freeform 
2 
0 
No. of Respondents 
8yAge 
2 2 
0 0 
0 
0 
0.7 
0.3 
No participants responded with Don't Know. [(yes, participants responded with at home andlorwork and/orcol/ege. 
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3 
7 
2 
5 
3 
0 
6 
Condition 
1. Photo renderings 
2. Preset animations 
3. Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
ever received corn 
Yes 
No 
Yes 
No 
Yes 
No 
Yes 
No 
No. of Respondents 
By Gender 
- 2 
2 
2 3 
2 
3 3 
3 3 
0 0 
~ Loughborough 
., University 
related trainin 
0 
2 
0 
2 
0 
2 
0 
No. of Respondents 
By Age 
0 
2 
0 
2 2 
0 0 
2 2 
0 0 
2 3 
0 5 
2 3 
0 6 
2 2 
0 3 
0 0 
No participants responded with Don't Know. 
Participants were then asked a follow up question to discover the level of computer related training the responses 
were as follows: 
I 
• Condition 1: Participants responded with 'in-house training', 'a'levels, 'work based training'. 
• Condition 2: Participants responded with 'College, RSA and work related training'. 
• Condition 3: Participants responded with 'GCSE, work related and Clait'. 
• Condition 4: Participants responded with 'GCSE's, Key Skills, Degree, ECD: College, work related'. 
dix 7.20c - Were satisfied with how u used the nt? 
Condition Response 
Yes 
1. Photo renderings No 
Don't know 
Yes 
2. Preset animations No 
Don't know 
Yes 
3. Pro/ENGINEER No 
Don't know 
Yes 
4. PHANTOM® & 
Freeform No 
.. pon't know 
No. of Respondents 
By Gender 
0 
0 
4 3 
0 
0 0 
3 3 
0 0 
3 2 
0 
0 
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0 
0 
0 
0 
0 
2 
0 
No. of Respondents 
By Age 
0 0 
2 
0 
0 0 
2 2 
0 0 
0 0 
2 
0 
0 0 
1 
1 
7 
1 
0 0 
6 
2 
0 0 
0 5 
0 
0 
I..Q Loughborough 
., University 
7.20d - Was how to use the 
Condition 
1. Photo renderings 
2. Preset animations 
3. Pro/ENGINEER 
4. PHANTOM'" & 
Freeform 
Response 
I 
Yes 
No 
Don't know 
Yes 
No 
Don't know 
Yes 
No 
Don't know 
Yes 
No 
Don't know 
No. of Respondents 
By Gender 
0 
3 
2 0 
0 0 
3 3 
0 0 
2 2 
0 0 
Appendix 7.20e - What problems did ou encounter? 
0 
2 
0 
0 
0 
0 
No. of Respondents 
By Age 
---D~I 0 1 
1 
0 
11 11 1 
0 0 ~I 
0 
1 
2 
0 0 0 
2 2 
0 0 
0 0 0 
0 0 
1 
2 
11 11 
0 
1 
0 
11 
0 
11 
0 
Condition Problem 
2 
4 
2 
0 
6 
2 
0 
2 
4 
0 
1. Photo renderings No information booklets were available as participants have different levels of knowledge. 
1 Problems controlling mouse. 
1 No play button. 
1 Lack of brain power. 
2. Preset animations 
1 Lack of Information. 
1 Touch screen would help. 
~==============~ 
I I 
Use of mouse functions, zoom menus too complex. 
3. Pro/ENGINEER 
. I Mouse to fiddly to use. 
~==============~ 
Instruction on position of pen would help. 
4. PHANTOM'" & Freeform 
1 Positioning of the arm. 
Unsure what to do if not shown, kept falling through holes, zoom didn't work. 
Kept 'falling through or off the object'. 
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ndix 7.20f - Are there ustments available on the 
Condition 
1. Photo renderings 
2. Preset animations 
3. Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
Condition 
Response 
No. of Respondents 
By Gender 
No. of Respondents 
By Age 
Yes 
No 3 
Don't know 0 
Yes 4 
No 0 
Don't know 0 
Yes 0 
No 3 
Don't know 
Yes 0 
No 
Don't know 
No. of 
Respondents 
By Gender 
3 
0 
3 
0 
0 
3 
2 
1 0 
11 0 0 
11 2 2 
0 0 
0 0 
0 0 
2 
0 
0 
ustments did 
No. of Respondents 
By Age 
0 
2 
0 
0 
0 
2 
0 
0 
__ _ 
o 4 
3 
7 
o 11 0 
11 
o 0 
o 
6 
2 
3 
2 
Participants 
aware but 
didn't use 
1. Photo 
renderings 
~====:~=~;====;II 11 0 1 0 0 
3 11 11 1:==~~~:==7 ===: 
o 1 0 0 
No 4 
75% 
2. Preset 
animations 
3. Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
Don't know o 
If yes: Moved position of mouse (1) 
Yes 3 
No 
Don't know o 
If yes: Moved keyboard (1), screen (1), mouse position (2) 
Yes 0 0 0 0 
No 2 3 2 
Don't know 1 2 0 0 
Yes 0 0 
No 
Don't know' 
.Ifyes: 
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Condition Participant No. Problem 
11. Photo renderingS" No difficulties were experienced. 
~======~~==================================~I 
12. Preset animations 11 No difficulties were experienced. 
~======~~====================================~I 13. Pro/ENGINEER 11 12/M/18-33 
~======~~================================~ 
'Yes, use of mouse functions, zoom menus too complex'. 
4. PHANTOM® 
& Freeform 
22/M/18-33 
29/F/18-33 
23/M/34-49 
44/F/34-49 
Model took a long time to load. 
Pressed wrong keys on keyboard, insufficient views. 
Kept falling through or off the object. 
Zoom didn't work, slight delay in rotation but get used to it. 
Appendix 7.20i - Did you notice any delay between you moving the controls and 
movement on the 
2 
3 
4 
Condition 
1. Photo 
renderings 
2. Preset 
animations 
3. 
Responses 
All participants responded with 'no' except participant 8 (F, 66+) who noticed a slight delay. 
2 Participants responded with 'yes' (F, 18-33, M, 34-49); five with 'no' (M, 18-33, F, 34-49, M/F, 50-65, M, 66+) 
and one 'don't know' (F, 66+). 
All participants responded with 'no' except participant 12 (M, 18-33) who responded with 'yes'. 
Four participants responded with 'yes' (M/F, 18-33,34-49) and two responded 'no' (M/F, 50-65). 
- The software and n ........ r ... made me feel. .. ? 
Responses 
18-33 34-49 50-65 
Relaxed Relaxed Normal 
Indifferent Normal, ok Relaxed, indifferent Average, un-used to 
computers! 
Comfortable (M), 
Pro/ENGINEER Fine, comfortable Ok, comfortable Comfortable, indifferent uncomfortable (F) 
Comfortable and unique 
4. PHANTOM® Indifferent (F), bit (M), unsure - new 
& Freeform Fine, indifferent awkward at times (M) experience, more training would help with 
ease of movement (F) 
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A endix 7.20k - The software and equi ment was ... ? 
Condition Participant No. Responses 
I General 1 Quite comfy, easy to use, fine & comfortable. 
1. Photo renderings :======~.~ =========================~I 
1 34/ F /66+ 11 Do not understand how to use. ~====~~======~"~============================~I 
12. Preset animations 11 All " Satisfactory, comfortable and good. 
3. Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
~========~~========================================~ 
18-33,34-49 11 Comfortable. 
50-65 I Complex to use, adequate. 
66+ Good, hard to use. 
22/M/18-33 Got uncomfortable after a duration; holding wrist at funny angles, difficult to get used too. 
29/ F /18-33 New, possibly interesting from a design point of view. 
23/ M /34-49 Definitely interesting. 
44/ F /34-49 Interesting, weird! 
46 / M / 50-65 I High quality. 
~==================================~I 
45/ F /50-65 11 New to me - interesting to use though. 
A endix 7.201- How would rove this e ui ment? 
Condition Responses 
11. Photo renderings 1 Touch screen, wireless mouse and larger screens. 
2. Preset animations Thought / mind control, ergonomic keyboard, more controls - zoom, view, improved sound, by 
learning more, improvement of buttons on screen and improved sound. 
3. Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
Simpler mouse controls, simpler menus, button to click on to go left, right, up down, mouse-ball, 
bigger screen and more detailed model. 
Participant 22: Male (18-33): Slow and difficult to get used to, pen slips off model, Wrist support, gel 
grip on pen, can only feel texture. 
Participant 29: Female (18-33): Better interface, it is slow and obviously not user friendly, seat is too low. 
Participant 23: Male (34-49): Able to activate all model so don't fall through, animations, as mentioned 
before kept falling through or off object, slight delay in mouse control and screen movement. 
Participant 44: Female (34-49): Make it easier to find part, all items active instead of switching, so 
don't fall through items, animated to see what it does, in context after original view and zoom didn't 
work. 
Appendix 7.20m - How Ion were you usin 
Condition Perceived Time Taken 
Time Range (m ins) Median Time (m ins) 
11. Photo renderings 3 -40 11 30 
12. Preset animations 2 -45 11 15 
13. Pro/ENGINEER 10 - 30 
11 
15 
14. PHANTOM® & Freeform 2 -30 
11 
15 
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endix 7.20n - How did nt? 
Condition 
1. Photo 
renderings 
2. Preset 
animations 
3, 
Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
Condition 
1. Photo 
renderings 
2. Preset 
animations 
3. Pro/ENGINEER 
4. PHANTOM® & 
Freeform 
Response 
Comfortable 
Uncomfortable 
Don't know 
If uncomfortable: 
Comfortable 
Uncomfortable 
Don't know 
Comfortable 
Uncomfortable 
Don't know 
If uncomfortable: 
Comfortable 1 
Uncomfortable 1 
Don't know 
No. of Respondents 
By Gender 
Female 
3 
0 0 
Not used to computers (2) 
4 3 
0 0 
0 
4 3 
0 
0 0 
0 2 
2 
0 
0 
2 
No. of Respondents 
By Age 
0 
0 0 
2 2 
0 0 
0 0 
2 2 
2 
0 
7 
0 0 
7 
0 
4 
0 
2 
If uncomfortable: Strange to use but not uncomfortable, it was just a new experience (1) 
No 
Don't know 
Yes 
No 
Don't know 
Yes 
No 
Don't know 
Yes 
No 
Don't know 
No. of 
Respondents 
By Gender 
2 
0 0 
4 2 
0 
0 
4 3 
0 
0 0 
2 
2 
0 0 
No. of Respondents 
By Age 
0 1 0 11 2 
0 01 0 0 
1 2 1 2 
1 0 1 0 0 
01 0 11 0 11 11 
000~1 
01 0 11 0 11 11 
001 0 101 
01 1 2 101 
0~ 0 11 0 11 
10 0 0 
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3 
0 
6 
1 
1 
7 
0 
3 
3 
Short vs. 
Prolonged. 
(Not 
Comfortable) 
+1 
+1 
0 
+3 
2 
3 
4 
Response 
Pictures easier than reading (1), use while traveling (relates to laptop), (1). 
'Product easier to view and get complete picture' (1), 'mobility' (relates to laptop), (1). 
I.Q Loughborough 
., University 
'Let you see the model from all angles' (18-33, M/F), 'rotating image is very good' (34-49, M/F), 'reacts quickly' 
(50-65, M/F). 
'Able to feel textures' (18-33M, 34-49F), 'able to touch product' (34-49M), 'the ability to use virtual situations' 
(50-65M), 'sensory feel for the product concerned' (50-65F). 
Appendix 7.20q - What disadvantages do you think this equipment brings over normal 
com uter technolo monitor, mouse, ke board, if an ? 
Condition 
12. Preset animations 
13. Pro/ENGINEER 
4. PHANTOMiII> & 
Freeform 
1. Photo 
renderings 
101 M 1 
18-33 
11/ F 1 
18-33 
33/MI 
34-49 
18/ F 1 
34-49 
71 MI 
50-65 
Participant Response 
Larger screen size needed. 
50-65, M & F Complexity. 
22 1 M 118-33 No animations, no background, less comfortable than mouse. 
29 1 F 118-33 Cost. 
231 M 134-49 
441 F 134-49 
:=====~ 
451 F 150-65 
Cost, bulky, steep learning curve. 
Same as using a pen every day, might cause pressure marks, aching wrist 
and slightly more difficult to navigate. 
Learning curve, correct handling 1 use of the arm. 
nl',,"e.:l,e from the semi structured interviews 
Response 
Prefer actual product, shorter than expected, heavier, would have wanted more 3d images, more 
angles, rotatable product, include sound. Could have used a touch-screen, touch and drag to 
actually rotate product and would have wanted to know price and any other features. 
Actual what is expected, rubberised handle front not what expected, prefer real product although 
not sure what it is used for, 'need a real product for a true evaluation'. Cheaper to use virtual, but 
needs to be easy to use, need to feel it, hear it, feel the weight 1 quality, would have liked to 
include sound, actual price, rechargeable, mouse and keyboard are standard, monitor fine. 
Not as round as thought, more triangular, head easy to remove, Head moves quicker than 
expected, weighs more although about the same size, pictures are a accurate and adequate 
representation, slight change in colour, used batteries to scale product. Judged quality by weight 
and construction, could have had sound, thought no need to feel product, as self explanatory, 
instructions, advantages of use and perhaps a 'try me' button! 
Experience can tell you that the handles should be soft but cannot tell; associated tide with 
cleaning clothing. 'Looks like a big toothbrush' thought it was bigger, feels heavier, battery hatch 
hard to remove, shiny. Prefer actual, would want to feel it, perception is different e.g. TV, would 
want.to include sound, allow a more accurate evaluation, would it work? How much? 
Actual product as expected, no differences that notice, would prefer actual product, to use it and 
see its effectiveness. Would want to know if it stores cleaning liquid, 'the shape is good' thought 
it was a toothbrush to begin with. 
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1. Photo 
renderings 
2. Preset 
animations 
151 F I 
50-65 
34/M/66+ 
8/FI 
66+ 
17/MI 
18-33 
131 F I 
18-33 
35/MI 
34-49 
261 F I 
34-49 
161 M I 
50-65 
321 F I 
50-65 
36/M/66+ 
~ Lo~ghb.orough 
.Umverslty 
RIl"c:.nt'\nctll'ct from the semi structured interviews 
Response 
Virtual - functions of switch unknown could affect comfort, don't know where would hold. Actual 
product better and easier to evaluate, judge actual product made from better quality plastic. 
Harder grip than expected, also too noisy, perception of lower quality from virtual, problems with 
removing the battery hatch, screw bottom would be better. Advantages: able to switch views 
quickly and can reach mass market more quickly and effectively, but with actual can see actual 
size, feel, forces required to remove hatch and play around with it, would have liked to be able 
to hold it, size and how it feels alongside functionality. Extra information - like how to remove 
head, purpose, washing power, sound and packaging. How long do the batteries last? Actual 
cost? Availability of replacement heads? Software needs to be clear, concise and menu easy to 
use. 
Looked like a shoe cleaner, needs sound, thought was good quality but needed to be more 
comfortable, would rather try it, cannot operate mouse properly, too complex, not interested in 
technology, doesn't need it for work. 
The mouse and keyboard buttons too small and hard to use, too complex. More or less what 
expected looks bigger on screen, prefer actual product for evaluation, looks cheap but would 
probably take a chance on it, depending on price. 
Thought it was a carpet cleaner, would prefer actual product but screen fine, virtual not what 
expected, harder plastic than thought, battery hatch easier than thought to remove, nosier, 
would like to play with it. Advantages - little cost, pre-testing, modifications before production, 
didn't know what it was, need to be able to touch and feel it, demonstration of what it does, 
animations of task, would want to know what products go with it and cost. 
Actual as expected 'Looks like it', more defined bobbles, prefer actual, 'need to touch it, feel it 
and play with it' which is important. Further information - cost, replacement heads, how long 
they would last, could she have it in liIac ... additional information would effect evaluation, related 
to nail polisher. 
Thought colour wasn't trendy, could tell that video was computer generated, 'does what it says 
on the tin', 'shorter, dumpier and lighter' than thought, harder handle than thought. Cannot beat 
getting hold of it, as you wouldn't carry it around much size etc wouldn't matter, all about 
promotion, does look realistic, promotes on strength of image. Like to feel it but try it would be 
better, highlight key points - unclip head, zoom, stop, no need to see inside, would also want to 
know price, battery life - rechargeable version? 
Fun to use!! Actual product not what expected, different size, handle isn't as soft as thought, 
prefer actual product, pictures of it cleaning or performing task. Advantages of technology - no 
leg work to show people, easy to create different versions, would want to know what it does and 
what to do with it? 
Would be better if you could pause video, battery size would help with scale, thought it was a 
toothbrush, made assumption, linked tide to stain remover straight away. Preferred grip texture 
chosen on chart, virtual allows user to make assumptions so could be better than actually is! 
'Was thinking £70 not £3!' Brush head is much bigger and nOisier, prefer actual 'touchy feely' 
can hold switch down, advantages of technology: can get lot more evaluations, wider area, 
quickly via internet, cheaper. Actual functions needed, partly judge quality by weight, perception 
of handle front all way round, does it work? Product in use in hand or place, action shots, would 
want to know price, cost of replacement heads, different heads a possibility, grip improve 
product, rubber switch? 
Approx size, associate Tide with P&G, recycled plastic? Actual is more correct, virtual easier, 
colour different, weighs more, accuracy of weight related to perception of product, need to 
remove doubt from evaluator, battery hatch harder to use - or how to - negative to using actual 
product. Bristles softer than expected, 'doesn't look as good in real life, looks cheaper' 
advantages of technology - better looking, can send it worldwide, cheaper, present idea without 
making it. Multiple designs but cannot operate it, must be easy to use but must not fool user, 
could have demonstration on how to use product in context & scale, additional information -
price, how much replacement heads, what do you use with it? 
Should use batteries for scale so need to include markings e.g. 'AA', thought it looks cheap -
made in China, thought actual produces better evaluation, suggested photorealistic 3d image 
with video style controls. Thought was reasonable quality, heavier than thought, and does it 
work right? Tide - association with product use, use of cross section would depend on product-
probably would appeal to men, actual brush bigger than thought, grip similar, battery hatch is 
snap fit - should be easier - screw top? Advantages of technology depend on person and their 
abilities, need visual comparison - hand size, context, other information could be price, what it 
is, highlight key features, scale on bottom needed or full scale I Y. scale, simple use of mouse 
and scroll wheel needed, could use text boxes with information to highlight key points. 
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from the semi structured interviews 
Response 
Actual is easier to evaluate, guesses was well out, simpler, and texture is wrong, hopelessly wrong! 
Got the wrong idea! Need to play with it, feel it handle it, see what your getting, misleading on 
371 F 166+ screen, larger simpler controls would be needed as found mouse hard to use, touch screen 
pOSSibly? Learning curve - could get used to it, not interested in using computers, product right size 
for hand, lighter than thought, cad model glamorises it. 
121 M 1 
18-33 
141 F 1 
18-33 
25/MI 
34-49 
401 F 1 
34-49 
431 MI 
50-65 
391 F 1 
50-65 
411 MI 
66+ 
421 F 166+ 
Actual as expected but heavier, related tide logo to household goods, virtual needs a use, on-screen 
animation or include a hand or something for scale, got function wrong, cap hard to remove, you can 
feel the actual product, cheaper to produce virtual, can evaluate multiple solutions. Virtual would 
take time to produce, cannot feel it, cannot really play with product, would like a separate system 
that is easy to use, help with controls to start with, complex menus to view animation. Additional 
information: price and cost of detergent, normal computers are ok, 'image quality is fine although 
true photo realistic images would be better' and refresh rate is slow. 
Mouse & software hard to use, steep learning curve? Found animations useful, handle isn't as soft 
as expected; software needs sound, colour different. Battery hatch harder to remove, evaluating the 
actual product - cannot beat the real thing, advantages of the technology is that its cheaper, actual 
product is more impressive that wow factor, cannot feel it, playing with it is important, touch it. 
Additional items could have been: cost, key features, packaging, 'bumph' safety, needs a simpler U.I 
to be more comfortable to use, needs real time photo rendering. 
Mouse ball would be better as used to using it, didn't notice logo and text, Not obvious how to 
remove hatch & batteries, scale needed, tide tells you the function not anything else, actual feels 
good, balanced, must be able to feel and touch it, play with it, it more natural. Visually the virtual 
product is good, likes rotating in real time, needs context, real life video would be better, sound not 
important. Mouse and U.I was fine once got used to it after a few minutes, would be better if the U.I 
was more interactive, click to switch on, packaging might help as it presents the product - could 
click to add/remove, bullet points of key points and does it work? Wants to know if it's waterproof, 
how efficient it is, use on different stains? There is no point to the product, would want software to 
'advertise special functions'. 
More advanced system than normally use, weight fine, similar looks and feels the same as it looks! 
Looks more upmarket on screen sound quieter which would affect purchase (negatively). Learning, 
logo - no brand doesn't affect purchase, Need to touch, hear and feel and see what it's made of, 
need to judge quality 1 better jUdgement, sound- buttons and icons on screen, more intuitive 
approach needed - actually be able to press the buttons to operate the model. Additional 
information: cost, batteries 1 how long do they last, easy to replace heads, how does it affects fabrics 
and what fabrics? 
Preferred actual for evaluation, bigger than expected, want to try it, touch it and hear it, advantages 
of the technology is that it's cheaper, allows different versions to be explored quickly and to a wide 
selection of participants. Disadvantages are that the software is hard to use, complex system, 
there's no sound which would help, cannot pick it up and try it. Would have liked on screen controls, 
photorealistic model, additional information is cost, how long batteries last? 
Uses computer at work, bigger screen & a more detailed model would be better; scale important, 
learning curve! Bigger than expected, harder than expected to open base, touch and feel required, 
holding the product, sound not necessary but helps, prefers to try, context of product, want to know 
how long batteries lasted. 
Preferred actual, computer is a useful tool, like to touch and feel product, could have exploded & 
section views, 'need to play around with it longer, to decide if there would be any problems' it is what 
expected. Difficulty with the switch, thumb operated, didn't realise it was rubberised handle, heavier 
than expected, feels fine, 'aesthetically pleasing' would have liked scale, weight, visuals of hand and 
product, move product with mouse, more control with mouse as opposed to buttons, related virtual 
to toothbrush, so try and imagine use, quality of brUSh, cost, battery life. 
Preferred actual, bigger than expected, the virtual would be cheaper to evaluate, allows the designer 
to show to a wide selection of participants, quickly. Should allow the exploration of different options, 
mouse controls are hard to use, menus too complex. Want a simpler version that had a better 
image quality and included sound, a larger mouse would be better, would prefer to try it, touch it, 
possible use of on-screen controls. Additional information would like is cost, cost of the brush head, 
does it work? 
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PHANTOMiI!>& 
Freeform 
22/MI 
18-33 
291 F 1 
18-33 
23/MI 
34-49 
441 F 1 
34-49 
46/MI 
50-65 
451 F 1 
50-65 
~ Loughborough 
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ses from the semi structured interviews 
Response 
Bigger, noisier, lighter than expected, grip is rubberised, actual easier to evaluate as can feel 
it and try it - weight, scale, advantages: cheaper to test, different models, disadvantages: 
cannot pull cap off, no animations, or photo realistic images. 'Its good for feeling texture but 
not much else, too much system lag' want to know price, durability, software is difficult to use, 
needs to be interactive, no sound, grip could be more comfortable but pen is familiar, could 
use PHANTOMiI!> to rotate model rather than mouse as well, instructions? 
Software not up to it, better as sampling tool, ok once get used to it, novelty factor, need better 
perspective pictures, no bottom view, no batteries, not true 360· view as too slow, prefer 
animations, could assign moves as in Pro E, but assign resistance to objects - possible Pro E 
plug-in. Prefers actual, about right to what expected, cap a lot harder to remove, feels cheaper 
in real life. Advantages: cheaper, evaluate product before making it, rendering is bad, cannot 
select whole product, liked texture 'pretty neat' need more resistance when touching items & 
elasticity with rubber textures. Can understand 3d on screen but perspective, exploded views 
would help, would also want to know cost, life span. 
Actual more or less as expected, no logos, oscillates rather than rotates, not a toothbrush! 
Can feel the texture of the model you cannot pick it up and hold it, cheaper to test. Kept falling 
through or around object, would be better if could activate the whole model, slightly slow, 
actual thing as expected slightly fatter than expected. Would want to know cost and battery 
life, needs a background to show what situation the product would be used in, needs 
someone to show you how to use this equipment otherwise it could be confusing, 'a neat bit of 
kit' 
Bigger and wider and lighter than expected but otherwise similar misSing logos and colour that 
separates parts of the model, battery hatch hard to remove, actual product easier to evaluate 
as can feel it and hold it - weight, scale. Advantages: cheaper to test, more accessible over 
the internet, disadvantages: no animations, context views or sounds, 'slow to start but you get 
used to it', would want to know price, software is difficult to use need to be shown how to use, 
no sound, pen on PHANTOMiI!> is familiar type of control. 'More model detailing is needed to 
be able to see how it is put together', brush icon could be larger, difficult to tell cursor position 
visually, cannot make judgement on use etc as no context view which is very important. 
Should be able to activate all items at once so don't fall through items or get stuck, cannot feel 
the whole thing at once, movement slow to start with but get used to it. 'Need someone to 
show me what to do!' liked being able to touch the model however might get 'pen finger'; 
product could have different brush head speeds 1 good for shoes! 
Actual product roughly as expected, size correct to what is on screen, no logo, animations 
would help with operation of model, 'would be better if bristles moved as in real life, as look 
hard on screen, so need to give an indication of movement' would prefer actual model as 
more 'hands on'. Improvement to software would be if you could 'change things on the 
model', packaging would be important to sell the product, and hit the right market, 
PHANTOMiI!> was quite sensitive, height of stylus awkward, no support for arm, is better with 
no sound for this product, 'love the idea of feeling the product, but bristles let it down'. 
Actual product as expected, not far out when comes to balance, scale and dimensions, 'lives 
up to expectations' base harder to remove than expected, brush head movement wrong, no 
logo on model, 'real thing is much better'. Advantages are that you don't have to cart large 
product around and 'you can get an unbiased reaction if there are no logos on the model'. 
Valuable evaluation, equipment - shape is not exact, nor is the switch, sound would be 
distracting. Improvements might be - being able to alter things, see the life of the product, in 
use, 'should be slightly narrower for female hands' as it's a bit chunky and too big to use, 
stylus awkward to use, unsure about how to use - need someone to help 1 show how to use, 
training before evaluation would be essential. Would prefer to evaluate actual thing, cheaper 
and easier to access larger groups of people. 
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1. Photo 
renderings 
2. Preset 
animations 
3. Prol 
ENGINEER 
10/M/18-33 
11/F/18-33 
33/M/3449 
18/F/3449 
B - Data collected from observational studies 
Response 
Confident computer user; refers regularly to screen, fine with mouse use. 
IJ:! Loughborough 
• University 
Confident computer user, referred regularly to visuals, good with mouse use. 
Relaxed, fine with computer and technology, moved through pictures a few times and referred 
back when needed throughout questionnaire. 
Used keys to flick through images, looked through images repeatedly and associated tide with 
cleaning clothing. 
7/M/5().65 I Average computer user, ok with mouse use. 
15/F 1 5().65 
34/M/66+ 
8/F/66+ 
17/M/18-33 
13/F 1 18-33 
35/M/3449 
26/F/3449 
Grip strength problems otherwise fine, uses computers on a regular basis. 
Very reluctant to use computer, scared, uninterested in it, barely changed views or used 
mouse, uses glasses and hearing aid, learning difficulties possible. 
Hates computers, scared of using computer, barely uses keyboard or mouse, no interest in 
using them or learning how, minimal use. 
Confident computer user, refers regularly to screen during questions, sits right up close to 
desk, slight delay in loading video. 
Good computer user, tended to stay on one video but refers regularly to screen during 
questions, good with mouse use, uses computer keyboard close to body. 
Used same video, kept referring back to it, used hand actions. 
Tended to settle on one perception based on previous experiences. 
16/M/5().65 Confident computer user; refers regularly to screen during questions, fine with mouse use. 
321 F 1 5().65 
36/M/66+ 
37/F/66+ 
12/M/18-33 
14/F/18-33 
25/M/3449 
40/F/3449 
43/M/5().65 
39/F/5().65 
41/M/66+ 
42/F/66+ 
Lazy tended to look at product more than once, made assumptions, changes mind as to what 
it was. 
Leans forwards, had to switch glasses, prefers mouse to a touch pad, only viewed once or 
twice. 
Hates computers, no mobile phone, no shaking of hands, good manual dexterity for age, 
reference of scale important, not obvious it's a brush? Would be better if stored gel inside, 
difficulty with using mouse, takes longer to read questions, simple language is needed, talks 
to self! 
Good computer user; refers regularly to screen, good with mouse use. 
Some problems with using middle scroll button. 
Prefers a ball mouse, used ruler to help with scale, assumptions over controls, tend to try and 
simplify things, no on/off text makes easier to use, no logo - a badge man so would affect 
decision. Didn't use crib sheet, relaxed, confident user. 
Considers answers, didn't use mouse much ... 
Problems with using mouse controls, complained about complex user interface, had to be 
shown how to activate animations, used crib sheet. 
Fairly Dexterous, with use of scroll wheel, although minimal use of product once participant 
has a general idea only refers to product when needed. 
Confident computer user, wearing glasses, seems comfortable with using software, using 
hand to work out scale, used standard view and used animations. 
Unused to computers, scared of using computer, barely uses keyboard or mouse, minimal 
use. 
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8 - Data collected from observational studies 
Participant 
22./M/18-33 
:=====~ 
29/F/18-33 
:=====~ 
23/M/3449 
44/F/3449 
~==~ 
46/M/5Q.65 
45/F/5Q.65 
Response 
Confident computer user, refers regularly to screen during questions, first to use 
PHANTOMI!') and Freeform, delay in loading model, needed to be shown how to use the 
equipment 
Used hand to judge scale, confident computer user, tried to use mouse then use 
PHANTOMI!') rather than at same time. Delay in refresh rate makes switching views 
difficult, felt comfortable using PHANTOM although took a bit of getting used to, used 
views and hotkeys instead used PHANTOMI!') to feel texture. 
Good computer user, only looked around model once then didn't refer back, needed to be 
shown how to use the equipment initially when wanted to feel the model, interesting to 
use, noticed slight delay with controls. 
Initial thoughts were that it was slow and a 'weird' feeling then rubbed over texture, user 
had problems with 3D spatial awareness resulting in 'falling' through the various parts, 
didn't alter views or use PHANTOMI!') much after initial exploration, not wearing her 
glasses, which is the probable cause of the slight eye discomfort. Needed to be shown 
how to use the equipment, used number pad to rotate model step at a time rather than 
use mouse, didn't use mouse at all only PHANTOMI!') or Keypad, zoom not working 
(probable to large a delay), 1 sec delay of Singular key press to movement of model and 
thought it would be cool if the bristles actually moved when pressed as in real life! 
User had problems using equipment and 'feeling' surface, needed to be shown how to 
use the equipment, commented that it was 'amazing tech'. Played with PHANTOMI!') for a 
bit, and experimented with the touch, only looked over model once, noted that the model 
looks 'solid, and that the PHANTOMI!') was 'fascinating to use' had time to look at things, 
doesn't know how fast the tech should be so didn't notice any delay, 'great fun', a silver 
surfer!!!! 
Good computer user, however needed to be shown how to use the equipment, user had 
minimal use of technology, only looked at model once, noted that 'press button might be a 
press in or a switch'. Weight and balance depends on what's inside!' is a self confessed 
silver surfer! Also encountered the problem of 'falling' through the object. 
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Partlelpant Information Sheet 
1 g Loughborough 
., University 
Product Evaluation using Virtual Product Technologies 
WHO IS DOING THIS STUDY? 
The person supervising this study Is Or lan Campben and Kevln S. Badnl of the Department of 
Design & Technology, Loughborough University. The person undertaking the study Is Roland 
Barge, Postgraduate of Loughborough UniversHy. 
WHAT IS THE PURPOSE OF THIS STUDY? 
By doing this study, we hope to learn about weather virtual product technologies are equally 
representative of the product as the actual product. The resuHs of this study win be used by the 
Department of Design & Technology to Infonn and assist with decision making In respect of Mure 
research activity wHhln the department. 
WHERE WIll THIS STUDY TAKE PLACE AND HOW LONG WIll IT LAST? 
The study win be conducted during a visit to the Department of Design & Technology and will last 
no longer than 1 hour. 
WHAT WIll' BE ASKED TO DO? 
You win be asked to complete a set of questionnaires the first relating to demographlcs, secondly a 
set of three product evaluation questionnaires, consisting of questions evaluating I set of three 
similar products. 
WHAT ARE THE POSSIBLE RISKS AND DISCOMFORTS? 
The things that you win be doing should present no more risks than those you experience In 
everyday working life, however if you suffer from epilepsy please inform the researcher. 
WHO WILL SEE THE INFORMATION I GIVE? 
We win make every effort to prevent people who are not on the research team from knowing how 
you responded or any Infonnatlon that you gave. You win be assigned a code number and you will 
not havlI to put your name on the questionnaires or your resuHs. Your responses will be combined 
wHh infonnation from other people taking part In this study and stored using SPSS a statistical 
computer program. This combined infonnation will be used when we write up the study to share it 
wHh other researchers. The results gathered for the questionnaire and any Images taken will be 
held for up to ten years after the project has been marked and moderated in accordance with the 
Data Protection Act 19911. 
WILL' RECEIVE ANY REWARD FOR TAKING PART IN THIS STUDY? 
After completing the study, you win be provided refreshments as reward for taking part In this 
study. 
CAN MY TAKING PART IN THIS STUDY END EARLY? 
You have the right to decide at any time thal you want to stop taking part in the study. You win nol 
be given a 'no show' and you win not be treated negatively If you decide to stop participating before 
the study is over. 
WHAT IF' HAVE QUESTIONS? 
Please feel free 10 ask any questions that might come 10 mind now. later, if you have any 
questions about the study you can can me on 07957 137637 or reach me by emaD at 
r.a.barge@lboro.ac.uk. If you have any questions about your rights as a research volunteer, 
contact Or lan Campbell at Loughborough University on 01509 228312 or emaD 
r.i.campbell@lboro.ac.uk. We win give you a copy of this consent fonn to take with you. 
User Reference NQ. LI ___ ..... 11:1 Lol;lghb,orough 
.UmvcTS.ty 
Consent of Participate In a Researeh Study 
User Acceptance of Virtual Reality Technologies 
(to be completed after Plrtlclpant Information Sheet has been read) 
The purpose and details of this study have been explained to me. I undersland that this study is 
designed to further scientific knowledge and that aR procedures have been approved by the 
Loughborough University Ethical Advisory Committee. 
I have read and understood the Information sheet and this consent form. 
I have had an opportunity 10 ask questions about my participatiOn. 
I understand that I am under no obngation to take part in the study. 
I understand Ihat I have the rfght to withdraw from this study at any stage for any reason, and that I 
will not be required to explain my reasons for withdrawing. 
I understand that an the information I provide wiU be trealed in strict confidenee. 
I agree to partieipate in this study. 
Signature of peBon ogreeing to take part In the study Date 
Printed name of person taking part In .he study 
Signa1ure of ~on obtaining Informed consent Oato 
Printed name of person obtaining Informed consent 
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User Reference No.IL ___ ...J 
Participant Information Questionnaire (2a) 
We are conducting this survey on behalf of the Department of Design &: Technology at Loughborough 
University. The aim of this survey is to assess virtual product technologies. The information you 
provide will remain confidential and will be destroyed once the study is completed. We thank you for 
your participation. 
Ql) Gender! (please tick ONE box) 
Male ........................... c 
Female ..................... o. 
Q2) How old are you? (Please ticl: ONE box) 
l8-34yrs .................. 0 
3S-S9yrs ................. 0 
6O+yrs .................... 0 
Q3) Do you nse • computer? (Please tlcl: ANY box) 
At Home ................... c 
At Work ................... 0 
At College I University .. 0 
While Commuting ....... 0 
Other (please Slate) ... •.. 0 .............................................................. . 
Q4) How frequently do you use. computer? (please tlcl: ONE box) 
Daily ........................ 0 
Weekly ..................... 0 
Monthly .................... 0 
Quarterly .................. c 
Yearly .......................... 0 
Not at all ................... 0 
QS) Do you wear private or prescription glasses? (please licl ONE box) 
Yes 0 Noo 
Q6) Are you colour blind! (please tick ONE box) 
Yes 0 Noo Don't Know 0 
Q7) Are youT (please tiel ONE box) 
Left Handed 0 rught Handed 0 Ambidextrous 0 
Q8) Whith hand do you Dse to operate the computer mouse? (please ticl: ONE bOJe) 
Left Handed 0 rught Handed 0 Ambidextrous 0 
In Lol;Ighbprough 
.,Umverstty 
Ql0) Which controls on a computer mouse do you usually use? (please (iel:ANY box) 
rught Button ......................... 0 
Left Button ........................... 0 
Side Buttons (ifany) ................ 0 
Scroll Wheel (if any) ................ 0 
Scroll Wheel- Tilt (ifany) ........ 0 
Scroll Wheel- Click (if any) ...... 0 
Other (please Slate) ............................................................................. . QII) rh ro.m. do ,n", - (If .. J n' • ." 
Qll) lUte the following general attributes 1 to 8 for Importance: 
(Where 8 ~ Most Imporlant, I = Least Important) 
Comfort = Aesthetics &; Style 
Form 
__ Colour 
_Quality 
Size 
= Weight 
__ Ease of Use 
Other (Please Stale) .............................................................................................. . 
Please Refer to the Computer Screen: Product Preference Slide 
Q13) On. quick, first Impression which of the computer mice do you prefer? 
(please Circle 1". 2nd and jd Choice) 
B 
2""Choice: A B 
3"'Choice: A B 
c 
c 
c 
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Please Refer to the Compnter Screen (Menu) 
Please select 
'Computer Mouse A' 
Then familiarise yourself with the product, 
by clicking through the various views. 
Then turn over ... 
• El Lolfghb.orough 
.Umverslty 
Computer Mouse A: Evaluation (2b) 
QI) Do ),ou recognise this particular product ir so do you! (please lick ONE box) 
Own It 0 Use It 0 Used it in the Past 0 Seen It Before 0 Haven't Seen It 0 
Ql) How mach would you pay for this product? I L _£ ________ ...:P:...----J 
Q3) What level of quality do you think this product is made to! 
(please mark ONE cros~ on line) 
Low Quality I I High Quality 
Q4) la your oplaloa the look I style of the product Is? (Please mark ONE cross 011 line) 
Un-Stylish I I Stylish 
Q5a) Do you like the colour? (Please lick ONE box) 
Yes 0 Noo Don't Mind 0 
""'1' .... '_ ............. " , .. d ............. "" ..... - ~I_&~) 
Q6) Would the manufacturer of the product .ffecl your decision to purchase this product? 
(please ticl ONE box) 
Yes 0 No 0 Don't Know 0 
Q7) What perceatage 01 rubber do you think the top surlace (not Indudlng scroD wheel) 
Is made from? (please State) I % 
Q8) What percentage of pla.tlc do you think tbe top snrlace (not including scroll wheel) 
is made from? (please State) I % 
Q9) Do ),ou tbink this product would be uncomfortable I comfortahle to nse? 
(please mark ONE cros. 011 line) 
Uncomfortable I I Comfortable 
QI0) Do yoa tblak tbis prodnet would be uoples.arable I pleasurable to use? 
(please mark ONE cross 011 line) 
Unpleasurab\e I I Pleasurable 
QlI) Do yoa thlak thiJ prodaet would be hard to use I easy to use, in I:eneral? 
(please mar. ONE cross on line) 
~.~ I I~·~ 
QI2) Do )'oa think the maio buttons would be hard to use I easy to use? 
(Please mark ONE cross on line) ~.~I I~.~ 
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Q13) Du you think the .emU wheel (Ihny) would be hard to use I easy to use? 
(Please mark ONE cross all line) ~~~I I~~~ 
Q14) Do you think the side button, (if any) would be hard to use I easy to use? 
(Please mark ONE cross 011 line) 
Hard to Use I I Ease to Use 
QlS) Do you think that the arrangement of the buttons 1sT (Please mark ONE cross on line) 
Poor I Confusing Layout I I Easy I Understandable Layout 
Ql6) How much would you like to owu this produet? (Please mark ONE cross on line) 
Wouldn't Like to Own I I LiketoOwn 
Ql7) How fast I slow do you think yoa would be to Jeara bow to ase this pmduct? 
(please mark ONE cross olllin.) 
Slow I Fast 
Qt8) Do you dlslikellike the surfare texture/feeIoUh. product! 
(Please mark ONE cross 011 line) 
Dislike I Like 
Q19) How environmentally friendly do you penelve this product to be! 
(pleose mark ONE cross on line) 
Un-Environmentally Friendly I I Environmentally Friendly 
Q20) lilt obvious that the produd is switched on leonneded? (Please lick ONE box) 
Yes 0 No 0 Don't Know 0 
Q21) What fe.tores I functions do.,'t vou like OD the product (if /UI}~? (Please Slale) 
• El Lol;Ighbprough 
.,Umvc:rslty 
Please Refer to the Computer Screen (Menu) 
Please select 
'Computer Mouse B' 
Then familiarise yourself with the product, 
by clicking through the various views. 
Then turn over ... 
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Q13) Do yoa think the sernD wheel (If any) would be hard to use' easy to use! 
(Please mark ONE cross on line) 
Hard to Use 1 I Ease to Use 
Q14) Do you tblnk tbe ,Id. button, (if any) "ould be hard to use I easy to use? 
(Please mark ONE CrOSS on line) 
Hard to Use I I Ease to Use 
Ql5) Do you think that the arraueemeut orthe buttons Is? (please mark ONE cross on line) 
Poor' Confusing Layout I I Easy' Understandable Layout 
Ql6) How much would you like to own tbls product? (please mark ONE cross on line) 
Wouldn't Like to Ovm 1 I Like to Ovm 
Ql7) How fa .. '"1011' do you tbinkyouwould be to learn how to use this product? 
(please mark ONE cross onlln.) 
Slow 1 Fast 
Q18) Do you dlslikellike the lurfacelexturelfeel ofthe product? 
(Pleaoe mark ONE cross on line) 
Dislike I Like 
Q19) How enl'ironmentaDy friendly do you perceive this product to be? 
(Pleast mark ONE cross on lin.) 
Un-Environmentally Friendly 11- ----------11 Environmentally Friendly 
Q20) Is il obvious thal the product Is switched OD I connected? (Please tick ONE box) 
Yes 0 No 0 Don't Know 0 
·'Tb" .~" .... ~ '."'n ........ ,., M~' , ...... (If .~" "kM' SW.) I 
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Ql) Do you Rcoplse this particular product Ifso do you? (Please lick ONE box) 
Ovm It 0 Use It 0 Used it in the Past 0 Seen It Before 0 Haven't Seen It 0 
Q2) Ho" much would YOD pay for this product? I L _£ ________ p=----J 
Q3) Whal level of quality do you think this product Is made lo? 
(Please mark ONE cros .. on line) 
Low Quality 1 1 High Quality 
Q4) III your oplllion the look' style of the product 15? (please mark ONE cross on line) 
Un-Stylish 1 1 Stylish 
Q5a) Do YOD like the colou~? (Please lick ONE box) 
Yes D NOD Don't Mind 0 
""I" '"' - .... , ,_ ..... ,oo .-........ of .......... , ""m' &~) 
Q6) Would tbe manufacturer of tbe prodnd alTed your decision to purchase thll product? 
(Please lick ONE box) 
Yes 0 No 0 Don't Know 0 
Q7) What percentage of robber do yon Ihlnk the lop surface (nollncluding scroll wheel) 
Is made from? (Please State) I % 
Q8) Whal percentage of pl •• tlc do you think the top surface (nollndudlnc scroll wheel) 
Is made from? (please Slate) 
I % 
Q9) Do you think this produd 'Would be uncomfortable 'eomfortable to use? 
(please mark ONE cross on line) 
Uncomfortable 1 1 Comfortable 
QIO) Do you think this product would be unpleasnrable' pleasurahle to use? 
(please mark ONE cross on ITne) 
Unpleasurablc 1 1 Pleasurable 
Qll) Do you think this product 'Would be hard to u.e I easy 10 use, In general? 
(Please mark ONE cross on line) 
~to~ 1 I~to~ 
Ql2) Do you think the main bnttons would be hard 10 use I easy to use? 
(Please mark ONE cross on line) ~to~1 I~.~ 
P.T.O 
.c» 
I:"C 
CD"C 
en CD ~:s Oc. :s _. 
:s >< 
11)0) 
a'~ 
~cn 
<-
_.1: 
;+c. 
1:'< 
e!.O 
"C' 
... ""C o ... 
c.o 
I:c. 
o I: 
-0 
CD-
<"C 
11) ... 
-CD 1:_ 
11) CD 
~Cil 
o :s 
:s 0 
!!.CD 
.c 
I: 
CD 
en 
-cl' 
:s 
:s 
!!:!. 
Cil 
-"C 
11) 
;+ 
n: 
"C 
11) 
:s 
-
I 
W 
-VI 
I 
Ig Loughborough 
• University 
Please Refer to the Computer Screen (Menu) 
Please select 
'Computer Mouse C' 
Then familiarise yourself with the product, 
by clicklng through the various views. 
Then turn over ... 
P.T.O 
Computer Mouse C: Evaluation (2b) 
~ Lo1;lghb,orough 
.Umvcrslty 
Ql) Do you recognise this particular product 1110 do you? (Please lick ONE box) 
OwnIt 0 Use It 0 Used it in the Past 0 Seen It Before 0 Haven't Seen It 0 
Q2) How much would you pay for this product? LI_£ ________ ....:p_---l 
Q3) What level of quality do you think this product Is made to? 
(please mark ONE cross on lIne) 
Low Quality I I High Quality 
Q4) In your opinion the look I slyle ortbe product Is? (please mark ONE cross on line) 
Un·Stylish I I Stylish 
Q5a) Do you like the colour? (please tick ONE box) 
Yes 0 Noo Don't Mind 0 
Q5b In your o,.n words, how would DU describe tbe look of tbe roduct? (pleas, State) 
(6) Would tbe manufacturer of the product arrect your decision to purchase tbls product? 
(Pleast tick ONE box) 
Yes 0 No 0 Don't Know 0 
Q7) Wbat percentage of I!!hl!£I do you think the top surface (not Including Icroll wheel) 
is made from! (Pleast State) I % 
Q8) What percentage of plastic do you think the top surface (not including scroll wheel) 
Is made from! (Pleast Statt) I % 
Q9) Do you tblnk this product would be uucomfortable I comfortable to use? 
(please mark ONE cross on line) 
Uncomfortable I I Comfortable 
QIO) Do you tblnk tbls product would be unplea.urable I pleasurable to use? 
(please mark ONE cross on line) 
Unpleasurable I I Pleasurable 
Qll) Do you think thl. product would be hard to use I easy to use, In general? 
(please mark ONE cross on line) 
Hard 10 Use I I Ease to Use 
QJ2) Do you think the main button. would be hard to ase I easy to use! 
(please mark ONE cross on line) ~to~1 I~to~ 
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Q13) Do you think the scron wheel (if any) would be hard to use I easy to use' 
(please mark ONE CTOSJ 011 line) 
Hard to Use I I Ease to Use 
Q14) Do you think tbe side buttons (If any) would be hard to usel easy to us.? 
(please mark ONE CTOSJ 011 line) 
~to~1 I~to~ 
Ql5) Do you think tbat tbe arrangement ofthe buttons Is? (please mark ONE cross 011 line) 
Poor I Confusing Layout I I Easy / Understandable Layout 
Ql6) How mnch would yon like to OWl! this prodnct? (Please mark ONE cross 011 line) 
Wouldn't Like to Own I I Like to Own 
Ql7) How Cast /slow do you think you would be to leam bow to use tbls product? 
(please mark ONE cross 011 line) 
Slow I Fast 
Q18) Do you dlsliktllike tbe sunace texture/Ceel oftbe product? 
(please mark ONE crOSJ an line) 
Dislike I Like 
Q19) How euvlronmenta\ly Criendly do you perceive this product to be? 
(please mark ONE cross on /in.) 
Un-Environmentally Friendly I I Environmentally Friendly 
Q20) Is It obvious that the product Is switched on / connected? (Please tick ONE box) 
Yes D NOD Don'tKnow D 
Q12) What Ceatures I Cunctlons don't vou like on the product (if allY)? (please State) 
""r' .. b." .., .. 'Hloul ..... I 1.,........ __ ... n ~. ,rod,., 
P.T.O 
Please Refer to the Computer Screen 
Please turn over one last time .... 
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.,Umverslty 
Q24) Whlcb computer mouse do you prefer overaU? (Please Circle 1", 2nd and r Choice) 
l"Choice: A B c 
2n4 Choice: A B c 
3,d Choice: A B c 
Please Refer to tbe Computer Screen (Menu): Product Preference Slide 
Q25) Why, was your first choice your preferred product? (please State) 
I 
Q26) WhY. was your second choice not your first choice? (please State) 
Q27) Why, was your third choice uot your first or setond choice? (please State) 
Q28) Any additional comments, questions? (Please State) 
Thank You for your Time 
Please check your answers as they are Important to u. 
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Actual Product 
Evaluation 
~ Lol;lghb,orough 
.Umvc:rslty 
Ql) On a quick, first Impression which of the computer mice do you prefer? 
(Please Circle I". 2nd and f4 Choice) 
l"Choice: A 
2nd Choice: A 
3n1 Choice: A 
P.T.O 
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Computer Mouse Ai Evaluation l2b) 
la Lo1;lghb.orough 
.Umvcrs,ty 
Ql) How much would you pay Cor this product, now1\ L _£ _________ p=------J 
Q2) What level of quality do you think this product Is made to? 
(please mark ONE cross on line) 
Low Quality I I High Quality 
Q3) In your opinion the look I style of the product Is? (Please mark ONE cross on line) 
Un-Stylish I I Stylish 
Q4) Do you like the colour? (Please tick ONE box) 
Yes [] No [] Don't Mind [] 
Q5) In your own words, how would you describe the look of the product? (please State) 
Q6) What percentage of rubber do you think the top snrface (not including scroll wheel) 
Is made from? (please State) I % 
Q7) What percentage of plastic do you think the top surface (not Including scroll wheel) 
Is made Crom? (please State) 
I % 
Q8) Do you think this product would be uncomfortable I comCortable to use? 
(please mark ONE cross on line) 
Uncomfortable I I Comfortable 
Q9) Do you think this product would be unpleasurable I pleasurable to use? 
(please mark ONE cross on fine) 
Unpleasurable I I Pleasurable 
QI0) Do YOII think this product would be hard to use I easy to use,ln general? 
(please mark ONE cross on line) 
Hard to Use I I Ease to Use 
Qll) Do YOII think the main buttons would be hard to use I easy to use? 
(Pleas, mark ONE cross on fine) 
Hard to Use I I Ease to Use 
Q12) Do you think the ,croll wheel (If any) would be hard to use I easy to use? 
(Pleas, mark ONE cross on fine) 
Hard to Use I I Ease to Use 
P.T.O 
I~ Loughborough 
• University 
Q13) Do you think the sIde buttons (if any) would be hard to use I easy to use? 
(please mark ONE cross on line) 
Hard to Use I I Ease 10 Use 
Q14) Do you think that the arrangement of the buttons Is? (please mark ONE cross on line) 
Poor I Confusing Layout I I Easy I Understandable Layout 
Ql5) How much would you like to own this product? (please mark ONE cross on line) 
Wouldn'lLiketoOwn I I LiketoOwn 
Q16) How fast I slow do you think you would be to learn how to use this product? 
(Please mark ONE cross on line) 
Slow I Fast 
Ql7) Do you dlslikellike the surface texture/Ceel of the prodUct? 
(Please mark ONE cross on line) 
Dislike I Like 
QlS) How enlironmentally friendly do yon perceive this product to be? 
(please mark ONE cross on line) 
Un-Environmentally Friendly I I Environmentally Friendly 
Q19) Is it obvious that the product Is switched on f connected? (please tick ONE box) 
Yes [] No [] Don't Know [] 
Q",,\WU. OIhu ....... , ~""'m. " •• Id Y" '''' .. lb. p~d"'"1 .",,)f (P/'~' ~.,,) \ 
Q21) What Ceatures f functIons don't vou like on the product (if any)? (please State) 
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Computer Mouse B: Evaluation (2b) 
III Loughborough 
• University 
Ql) How much would you pay for this product, UOW?\ L _£ ________ ....:.P_--" 
Q2) What level or quality do you think this product Is made to? 
(please mark ONE cross on line) 
Low Quality I I High Quality 
Q3) Iu your opinion the look I style oftbe product is? (please mark ONE cross on line) 
Un.Stylish I I Stylish 
Q4) Do you like tbe colour? (Please tiel ONE box) 
Yes 0 No 0 Don't Mind 0 
Q5) Iu your own words, bow would you describe the look of tbe prodact? (please State) 
Q6) What percentage of rubber do you tbink the top surface (not Includlnl scroll wheel) 
Is made from? (please State) 
\ % 
Q7) What percentage of pi as tie do yon think the top surface (nol iacluding scroll wheel) 
is made from? (Please State) 
\ % 
Q8) Do you think this product would he UDcomrortable f comfortable to use? 
(please mark ONE cross on Un.) 
Uncomfortable I I Comfortable 
Q9) Do you think thl. product would he unpleasurable I pleasurable to me? 
(please mark ONE cross on line) 
Unpleasurable I 1 Pleasurable 
QI0) Do ),ou tblnk thlJ product would be hard to use I easy to use, In general? 
(please mark ONE cross on line) 
Hard ~ Use 1 I Ease to Use 
Qll) Do you think the main buttons would be hard to use I easy to use? 
(Please marA ONE cross on I/ne) 
Hard to Use I 1 Ease ~ Use 
Q12) Do you tblnk the .croll wbeel (If any) would be hard to use I easy to use? 
(Please mark ONE cross on line) 
Hard ~ Use I I Ease to Use 
P.T.O 
la Lo~ghb.orough 
.Umvers.ty 
Q13) Do you think the side button. (if any) woald be hard to ase I easy to ase? 
(Please mark ONE cross on lin.) 
~~~I I~~~ 
Q14) Do you think that the arrangement ofth. battons Is? (pleast mark ONE cross on lint) 
Poor I Confusing Layout 1 1 Easy I Understandable Layout 
QI5) How much would you like to own thlJ product? (Please mark ONE cross onlin.) 
Wouldn't Like ~ Own 1-1---------41 Like to Own 
QI6) How fast/slow do you think you would be to learn how to use this product? 
(please mark ONE cross onlin.) 
Slow 1 Fast 
QI7) Do you dlslikellike the sarface texture/feel of the product? 
(pleas. mark ONE croS$ onlln.) 
Dislike 1 Like 
QI8) How eavironmeatsD), friendly do yon perceive this product to be? 
(please mark ONE cross on line) 
Un.Environmentally Friendly 1 1 Environmentally Friendly 
Q19) Is it ob,ious that the product I1 switched on I connected? (Please tick ONE box) 
Yes 0 No 0 Don't Know 0 
Q21) What features I functlous don't vou like on tbe product rI/any)? (Please State) 
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Computer Mouse C: Evaluation (2bl 
.~ Loughborough 
• University 
Ql) How much would you pay for this product, DOW?I L ":'£':""" ___ "':" ___ "":"P_-l 
Q2) What level of quality do ),ou think this product Is made to? 
(please mark ONE cross on line) 
Low Quality I I High Quality 
Q3) In your opinion the look I style of the product Is? (please mark ONE cross on line) 
Un-Stylisb I I Stylish 
Q4) Do you like the colour? (please tick ONE box) 
Yes 0 No 0 Don't Mind 0 
QS) In your own words, bow would you describe the look of the product? (please State) 
Q6) What percentage of D!l!!ru: do you tbink the top surface (not Ineludlnc scron wheel) 
Is made from? (please Stale) I 0/0 
Q7) What percentage of pll.tie do you tblnk tbe top surface (uot Inrludlng scroll wheel) 
Is made from? (please State) I 0/0 
Q8) Do yon think tbls product would be uncomfortable I comfortable to use? 
(Please mark ONE cross on line) 
Uncomfortable I I Comfortable 
Q9) Do you think this produd would be unpleasurable I pleasurable to use? 
(please mark ONE cross on line) 
Unpleasurablc I I Pleasurable 
QI0) Do yo. think this product would be hard to use I easy to ose, In general? 
(Please mark ONE cross on line) 
Hard to Use I I Ease to Use 
Qll) Do yo. thlok the mlin buttons would be hard to use I easy to ose? 
(Please mark ONE cross on line) 
Hard to Use I I Ease to Use 
Q12) Do you think the scroll whetl (It any) would be hard to use I elSY to use? 
(please mark ONE cross on line) 
Hard to Use I I Ease to Use 
P.T.O 
.13 Loughborough 
• University 
Q13) Do you think tbe side buttons (Ihny) would be hard to use I easy to use? 
(please mark ONE cross on line) 
Hard to Use I I Ease to Use 
Q14) Do you think that the arrangement of the buttons Is? (please mark ONE cross on line) 
Poor I Confusing Layout I I Easy I Understandable Layout 
QlS) How much would you like to own this product? (please mark ONE cross on line) 
Wouldn't Like to Own I I Like to Own 
Ql6) How fast I slow do you thlok you would be to learn how to use this product? 
(please mark ONE cross on line) 
Slow I Fast 
Ql7) Do yon dislikeJlike the surface texture/feel of the product? 
(Please mark ONE cross on line) 
Dislike I Like 
Ql8) How environmentally friendly do you perceive this product to he? 
(please mark ONE cross on line) 
Un-Environmentally Friendly I I Environmentally Friendly 
Q19) Is It obvious that the product Is switched on I counected? (please tick ONE box) 
Yes 0 No 0 Don't Know 0 
Q21) What features I fundlons don't vou like on the product (if any)? (Please State) 
Q"'j" ,n h,,"., .,_ •• '_./Im,~m'" rommmb" 'W. ,,,","'" 
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Q24) Which computer mouse do you prefer overall? (Please Circle lit, 2nd and r Choice) 
B c 
2nd Choice: A B c 
3,d Choice: A B c 
Please Refer to the Computer Screen (Menu): Product Preference Slide 
Q25) Why, was your first choice your preferred product? (please State) 
I 
Q26) Why, was your second choice not your first choice? (Please State) 
Q27) Why, was your third choice not your first or second choice? (please State) 
Q2S) Any additional comments, questions? (Please State) 
Thank You for your TIme 
Please check your answers as they are Important to us 
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Appendix 8.4b - How fre u use a corn ter? 
Responses 
Daily 
Weekly 
Monthly 
Quarterly 
Yearly 
Not at all 
No 
Appendix 8.4d - Are 
Responses 
Left handed 
I Right handed 
Ambidextrous 
No. of Respondents 
By Gender 
4 
0 3 
0 0 
0 0 
0 0 
ht handed? 
No. of Respondents 
By Gender 
o o 
Appendix 8.4e - Which hand do 
Responses 
Left handed 
Right handed 
Ambidextrous 
No. of Respondents 
By Gender 
o 
-323-
No. of Respondents 
By Age 
0 2 3 
0 0 3 
0 0 0 
0 0 0 
0 0 
No. of Respondents 
By Age 
No. of Respondents 
By Age 
o o o 
o o 
~ Loughborough 
., University 
Total (n=36) 
28 
5 
3 
0 
0 
0 
15 
Total (n=36) 
3 
33 
o 
Difference 
(use vs. 
handedness) 
-3 
+2 
+1 
I 
Responses 
Left button 
Right button 
Scroll wheel 
Scroll wheel- click 
Side buttons 
Scroll wheel- tilt 
Other 
No. of Respondents 
By Gender 
16 16 
15 13 
12 9 
4 2 
0 0 
0 
No. of Respondents 
By Age 
11 11 12 9 
11 9 8 
10 6 5 
5 0 
0 
0 0 0 
0 
Other responses included: Scroll ball device, se the mouse! 
I.Q Loughborough 
., University 
use? 
Total (n=36) 
32 
28 
21 
6 
2 
0 
ApnA,nrt"v 
- Which controls do 
1 
2 
3 
Responses 
The majority of participants responded with No answer, however one responded 'not on current 
mouse, basic mouse' (1). 
The majority of participants responded with No answer, however other responses were 'None' (1), 
'don't know how' (1) and 'not on mouse' (1). 
The majority of participants responded with No answer, however other responses were 'not there' (1), 
'side buttons because I forget they are there' (1), 'caps lock' (1), 'the mouse' (1). 
-324-
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C - Product nr~~fp-lrp-I1Ir.p-
I 
Virtual 
1 st Choice: B: Wireless 
No answer 
18-34 1 st Choice: C: Slim line, looks comfortable, 
straight forward to use, stylish, modern 
~~~=~ 
18-34 No answer 
1st Choice: B: Compact looks comfortable to use 
Same! 
1 st Choice: B: Nice Shape 
1st Choice: A: Smaller, easy to use, light indicator 
1 st Choice: C: Looks more appealing in style, 
2nd Choice: A: Looked easier to use than B. 
1st Choice: Wireless control B 
60+ 2nd Choice: Not wireless A 
3nl Choice: Not Wireless C 
~~~====~~========================~ 
F2 
M1 
M2 
F1 
F2 
M1 
1 st Choice: A: Similar to one used at home 
60+ 2nd Choice: B: Shape 
3nl Choice: C: Shape 
1st Choice: A: Colour and shape 
60+ 2nd Choice: C: Shape 
18-34 
18-34 
18-34 
35-59 
35-59 
35-59 
35-59 
60+ 
3nl Choice: B: Dislike shape 
1st Choice: B: Looks, shape, button layout 
1 st Choice: B: Wireless 
2nd Choice: A: Not Wireless 
3rd Choice: C: used it before, like to try new 
products 
1 st Choice: A: Easy to use, looks nice 
1 st Choice: C: Looks easy to use and comfortable 
1 st Choice: B: Wireless 
1st Choice: C: Multi-colour 
2nd Choice: A: No multi-colour 
1 st Choice: C: Smaller, more compact 
3n! Choice: A: Bulky 
1st Choice A: Looks comfortable to use 
2nd Choice: C: Better than B 
3n! Choice: B: Looks odd shape 
1 st Choice: C: Simple to use 
2nd Choice: B: Side button and is battery powered 
3n! Choice: A: Looks multi-button 
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Actual 
1st Choice: B: Wireless 
2nd Choice: A: Too complex 
1st Choice: C - It was stylish 
IJ:! LOl}ghb,orough 
.Umverslty 
1 st Choice: C: Stylish, easy to use, comfortable, 
funky lights 
1 st Choice: C: Looks modern, colourful 
1st Choice: B: Feels comfortable, more substantial 
1st Choice: A: The most practical product 
1st Choice: C: Smooth, like it lit up, stylish 
1 st Choice: C: Style, colour, slim line, ease of use 
1st Choice: C: Same, 
B, A switched because A looks cheaper, maybe 
not too reliable 
1 st Choice: B: Simple wireless operation 
2nd Choice: C: Good as normal mouse 
3rd Choice: A: Don't like look or operation 
1st Choice: C: Look, feel of mouse, very modern, 
liked colour 
2nd Choice: B: Felt heavy and looked clumsy 
3nl Choice: A: Didn't like colour or size 
1st Choice: C: Like feel and lights 
2nd Choice: A: Didn't like colour or side buttons 
3nl Choice: B: As before 
As before 
1 st Choice: B: As before 
2nd Choice: C: Better than A 
3nl Choice: A: Old 
1 st Choice: C: Mouse is light, looks easy to use, 
buttons are straight forward, colours did it for me! 
As before 
1st Choice: B: Wireless 
1st Choice: B: No Wires 
2nd Choice: C: Light Display 
3nl Choice: A: Naff Colour 
1 st Choice: C: The Look 
2nd Choice: B: Dull Working 
3nl Choice: A: Didn't like the look 
1st Choice: A: As before 
2nd Choice: B: Easier to use than C 
3nl Choice: C: Less easy to use buttons 
As before 
C - Product 
Virtual 
1 st Choice: C: Similar to ones used already 
60+ 2
nd Choice: B: Design of buttons 
301 Choice: A: Because I liked the other two 
better. 
1st Choice: C: Like colour 
60+ 2nd Choice: B: Not colourful 
301 Choice: A: Don't like light colour or style. 
1 st Choice: C: Colour and Style 
2 F2 60+ 2nd Choice: A: Less Attractive 
301 Choice: B: Too Ordinary 
1 st Choice: B: Usability 
M1 18-34 2
nd Choice: C: Better than 301 choice even though 3 still wired 
301 Choice: A: Not the best 
1st Choice: C: I like this product because it is like 
3 M2 18-34 the one I own. 
1 st Choice: B: Cordless and looks easy to use 
2nd Choice: C: It has a cord but more stylish than 
3 F1 18-34 third 
301 Choice: A: It has a cord but less stylish than 
the second. 
1 st Choice: B: More stylish, cordless, shape 
3 F2 18-34 2nd Choice: C: Shape, size, cord 
301 Choice: A: Colour, size, cord 
1 st Choice: B: Look 
3 M1 35-59 2nd Choice: A: Look and shape 
301 Choice: C: Look, ok 
1 st Choice: B: Style and wireless 
3 M2 35-59 2nd Choice: A: Style and easy to use 
301 Choice: C: old method and not so modern. 
1 st Choice: A: Comfort - ease of use 
35-59 2nd Choice: B: Stylish 
301 Choice: C: Looks hard to use 
1 st Choice: B: Wireless 
3 F2 35-59 2nd Choice: C: Colour, looks 
301 Choice: A: Fat, cabled. 
1st Choice: B: Side buttons, usable 
3 M1 60+ 2nd Choice: C: Larger, RlL Buttons 
301 Choice: A: No rubber on top. 
1st Choice: B: Battery as optional 
60+ 2nd Choice: C: A was more adaptable 
301 Choice: A: Not as adaptable 
1 st Choice: B: No wires, slimmer to use, easier to 
F1 60+ hold and slide around. 3 2nd Choice: C: Slimmer to use and easier to hold 
301 Choice: A: Bulkier, harder to use 
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I 
, 
r~~~nl:ln~se~s: reasons 
Actual 
~ L01;lghb.orough 
.,Umverslty 
1 st Choice: B: Ease of use and comfortable to use 
2nd Choice: C: Similar to mousse I have used in 
the past 
301 Choice: A: Because the other two seemed 
better to use. 
As before 
1st Choice: C: Most stylish and easy to use 
2nd Choice: B: As before 
301 Choice: A: Boring 
1st Choice: B: Fitted me best 
2nd Choice: C: Good functionality, but wired 
301 Choice: A: Not as good as others 
No answer 
1st Choice: B: Cordless 
2nd Choice: C: because it has a cord, but would 
be 1 st without cord 
301 Choice: A: Because it is horrible 
1st Choice: B: Cordless, stylish 
2nd Choice: C: This was good product but the fact 
it had a cord made me choose it 2nd 
301 Choice: A: Looks cheap, boring, too big. 
As before 
1st Choice: B: As before 
2nd Choice: C: Better looking and easy to use 
301 Choice: A: Looks bigger than I thought and 
colour as I expected. 
1st Choice: B: Seems easy to use, comfortable 
quite light 
2nd Choice: A: old fashioned looking 
301 Choice: C: modern - stylish very light 
1st Choice: C: Colour, sleek 
2nd Choice: B: Wireless 
301 Choice: A: Old, colour, wired. 
1st Choice: C: Texture and feel 
2nd Choice: B: Materials and bit dated, side 
buttons better placed 
301 Choice: A: Side buttons too high and plastic 
1st Choice: B: The ability to use batteries 
2nd Choice: C: Wire connected 
301 Choice: A: Looks cheap 
No answer 
3 F2 60+ 
C - Product 
Virtual 
1st Choice: B: More easily usable (I think) colour 
not easily to get dirty, looks good longer. 
2nd Choice: A: Too light in colour, gets dirty easily, 
not as easy for buttons. 
3rc! Choice: C: Button too low, not easy to use, 
although I did like the colour. 
Actual 
1st Choice: B: Ease of use 
~ L01;lghh.orough 
.Umverslty 
2nd Choice: C: Not quite as easy or comfortable 
to use 
3rc! Choice: A: Still because of texture and colour, 
texture will attract dirt. 
Appendix 8.9 - Study C - Results collected from the virtual product evaluations vs. 
actual product evaluation questionnaires 
Reasons 
Own it 
Use it 
A Used it in the past 
Seen it before 
Haven't seen it 
Own it 
Use it 
B Used it in the past 
Seen it before 
Haven't seen it 
Own it 
Use it 1 
C Used it in the past 
Seen it before 
Haven't seen it 
duct ifso do 
No. of responses by 
Gender 
2 2 
2 0 
2 
2 7 
10 8 
0 0 
2 
2 11 0 
2 11 3 
12 14 
0 0 
0 
3 
3 2 
11 15 
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No. of responses by 
Age Group 
0 0 4 
0 2 0 
3 0 0 
4 2 1 3 1 
5 8 ~ 
0 0 0 
2 0 
10 0 0 
10 0 
5 10 11 
0 0 0 
0 0 
2 
4 0 
7 10 9 
4 
2 
3 
9 
18 
0 
3 
2 
5 
26 
0 
4 
5 
26 
uct? 
Computer Mouse B 
• • Loughborough 
• University 
Computer Mouse C 
======:=1 ====~F==~~=~:==~~=~:==~:===~:=====::====~~====~I 8BI 18-34 
~==~:==~ 
£25.00 
£10.00 
-£10.00 £15.00 £15.00 
£0.00 £5.00 £5.00 
801 18-34 
~==~:==~ 801 18-34 £20.00 £10.00 
:=======:~====~ 801 35-59 £5.00 £5.00 
:=======:~====~ 
£0.00 £20.00 [ £25.00 
~=~:====: 
£15.00 11 £10.00 
8BI 35-59 £15 .00 11 £15.00 
~==~:==~ 801 35-59 £5.00 1 £5.00 £0.00 
801 35-59 £15.00 £10.00 ~=~:====: -£5.00 £25.00 £20.00 
~=~:~==::===~ 801 60+ £20.00 £15 .00 -£5.00 £55.00 £50.00 
~==::==~ 8BI 60+ 11 £10.00 £5.00 -£5.00 £15.00 £12 .15 
:====~~====~F====: 
£0.00 801 60+ 11 £10.00 £10.00 
~==~:~====: 801 60+ 11 £15.00 £10.00 1  -£5.00 
~=~:====: 1 Overall Average 11 £13.75 £10.25 11 -£3.50 
~===;-;=====;-;====~ 001 18-34 £16.00 £9.95 11 £6.05 
~=~:====: OBI 18-34 £20 .00 £15.00 11 £5.00 
~==~:~==~ 001 18-34 £30.00 £25.00 11 £5.00 
~=~:====: 001 18-34 
001 35-59 
OBI 35-59 
001 35-59 
001 35-59 
001 60+ 
OBI 60+ 
001 60+ 
001 60+ 
1 Overall Average 
001 18-34 
£20.00 £5.00 
£10.00 £5.00 
£22 .50 £15.00 
£30.00 £20.00 
£10.00 £10.00 
£0.00 £10.00 
£5.00 £5.00 
£50 .00 £30.00 
£50.00 £30.00 
£21.96 £15.00 
£30 .00 £15 .00 
£15.00 
£5.00 
£7.50 
£10.00 
£0.00 
-£10.00 
£0.00 
£20.00 
£20.00 
£6.96 
£15.00 
£6.00 £5.00 
£10.00 £12.00 
£17.83 £16.60 
£29.00 
£25.00 
£17.00 
£20.00 £20.00 
£20.00 £20.00 
£20.00 1 £25.00 
£25.00 11 £25.00 
£10.00 £10.00 
£14.00 £15 .00 
£5 .00 £5.00 
£60.00 £30.00 
£50.00 £30.00 
£24.58 £19.83 
£30.00 £30 .00 
OBI 18-34 £39.99 £24.99 £15.00 £34.99 £34.99 
:====~~====~ :=====~~====: 001 18-34 £12 .99 £4.99 £8.00 £15.99 1 £15.99 
:====~~====~:=====~:=======:~====~ 001 18-34 £15.00 £5.00 £10.00 £17.00 11 £20.00 
:====~~====~ 001 35-59 £12 .00 £5.00 £7.00 £19.00 11 £19.00 
~==:~===: OBI 35-59 £25.00 £15.00 £10.00 £30.00 11 £25.00 
£0.00 
£0.00 
£5.00 
-£5.00 £12 .00 £20 .00 £8.00 
-£5.00 £20.00 £30.00 £10.00 
-£5.00 £30.00 £40.00 £10.00 
-£2.85 £8.00 £10.00 
£0.00 
£0.00 
-£5.00 £25.00 £25.00 £0.00 
£0.00 £20.00 £30.00 -£10.00 
£0.00 £10.00 £10.00 £0.00 
-£1.00 £10 .00 £10.00 £0.00 
£0.00 £5.00 £5.00 
£30.00 £70.00 
£20.00 £75.00 
£4.75 £23.83 
£0.00 
£0.00 001 35-59 £10.00 £10.00 £0.00 £1 0.00 11 £10.00 
:====~~====~ :=====~~==~:====~~====~:==~I 001 35-59 £10.00 £8.00 £2.00 £15.00 11 £16.00 -£1 .00 £10.00 £18.00 
£30.00 £25.00 £5.00 £50.00 £30.00 
£8.00 
£0.00 
£20.00 
~==:~===: ~==~:~==~~==~:~==~:====~ 001 60+ £15.00 £12.00 £3.00 £20.00 1 £12.00 
:====~~====~:====::===~ :====::===~:====::===~:=====: OBI 60+ £30.00 £30.00 £0.00 £50.00 £50.00 
~==:~===: :====~~====~:=====~~==~:====~ 001 60+ 
~==:~===: 001 
£12.00 £15.00 
£40.00 £40.00 
£40.00 £40.00 
-£3.00 
£0.00 
£0.00 
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roduct is? 
Computer Mouse B 
1.5 0.7 -0.8 5.4 1.3 -4 .1 
0.8 1.0 0.2 4.0 2.8 -1 .2 
3.4 3.5 0.1 5.0 5.0 0.0 
3.6 2.4 -1 .2 4.4 1.7 -2 .7 
2.6 -2.1 4.9 2.8 0.7 11 -1 .9 
~=~:~=~ 
4.3 2.9 3.6 0.7 
5.3 
5.8 
2.3 
2.4 
3.4 
4.5 
• • Loughborough 
• University 
Computer Mouse C 
3 .3 
5.9 0.6 
5.9 0.1 
4.4 2.1 
4.7 2.3 
5.2 1.8 
1.2 11 -3.1 
~~~====~~==~~====~~====~~==~~==~~====~~==~~==~~====~I 
4.2 11 -1.4 4.0 4.2 5.6 0.2 5.9 
4.5 
5.5 
-0.5 
-0.2 
~~~====~~====~~==~ ~==~F====~~==~~==~~==~I 
2.2 11 -2 .3 5.3 1 4.8 
~=~;~=~ 
0.5 11 -5 .0 2.7 11 2.5 
3.7 
5.5 
2.7 1 -1.8 0.7 11 2.6 1.9 
2.8 -1.7 4.4 11 4.1 -0.4 
1.1 -2 .1 3.4 2.S -0.8 
1.S -1.S 4.3 3.2 -1 .1 4.5 11 5.4 
1.3 -1.S 4.4 3.1 -1.3 4.0 11 5.5 
2.4 -2.S 3.2 3.5 0.4 4.7 11 5.3 
Overall Average (1) : 3.9 2.0 -1 .9 3.9 3.3 -o.S 4.1 5.2 
18-34 5.2 1.4 3.8 5.5 5.5 0.0 4.0 2.5 1.5 
18-34 4.8 2.9 1.9 4.3 5.0 -0 .7 4.5 5.0 -0.5 
18-34 4.3 3.0 1.3 4.8 4 .3 0.5 2.2 
18-34 4.1 0.2 3.9 4.4 3.6 0.8 5.6 5.9 -0.3 
35-59 3.7 2.7 1.0 5.1 5.0 0.1 -0.9 
35-59 5.6 3.0 2.6 2.6 4.8 -2.2 
35-59 3.0 0.9 2.1 5.5 2.0 3.5 0.0 
35-59 2.7 1.0 1.7 4.2 3.2 1.0 -0.2 
60+ 3.9 1.3 2.6 5.0 5.3 -0.3 3.0 5.7 -2 .7 
60+ 3.3 2.4 0.9 3.4 4.5 -1.1 4.0 4.4 -0.4 
60+ 5.0 5.0 0.0 5.8 1.4 4.4 5.8 5.8 0.0 
60+ 5.7 0.8 4.9 5.3 3.3 2.0 5.6 5.7 -0.1 
Average Male (2) : 4.4 2.3 2.1 4.3 5.0 -0.7 4.1 4.8 -0.7 
Average Female (2) : 4.1 1.8 2.3 5.0 3.0 2.0 4.8 
Average (18-34) (2) : 4.S 1.9 2.7 4.8 4.S 0.2 4.1 
Average (35-59) (2) : 11 3.8 1.9 1.9 4.4 3.8 O.S 4.8 
~==~~==~ 
Average (SO+) (2) : 11 4.5 2.4 2.1 4.9 3.S 1.3 1 4.S 
~=~:~=~ 
Overall Average (2) : LI __ 4._3_--'L __ 2_.1_-1L __ 2_.2 __ 11 __ 4_.7_--'L __ 4._0_--'L _ _ O._7_--,I,LI __ 4_.5_-1L ___ ...JL ___ jl 
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18-34 
18-34 
35-59 
60+ 
60+ 
60+ 
60+ 
Average Male (3): 
Average Female (3): 
Average (18-34) (3): 
Average (35-59) (3): I 
Average (60+) (3): I 
Overall Average (3): I 
ion the look I 
Computer Mouse A 
11111 
5.3 
11 
2.7 2.6 
5.5 
11 
2.3 3.2 
5A 
11 
0.1 5.3 
2.0 
11 
OA 1.6 
5.3 
11 
OA 4.9 
3.5 
11 
2.5 1.0 
5.2 
11 
2.9 2.3 
4.0 2.2 1.8 
2.5 4.1 -1.6 
3.9 2.6 1.3 
1.8 2.2 -OA 
5.1 3.5 1.6 
4.3 2.4 I 1.9 
3.9 1.9 
11 
2.0 
4.6 1.4 
11 
3.2 
2.0 
11 
2.5 
3.1 
11 
0.2 
4.1 2.2 
11 
2.0 
u like the colour? 
No. of responses by 
Gender 
-336-
Computer Mouse B 
I .. Loughborough 
• University 
Computer Mouse C 
1111111111 
4.0 5.0 
11 
-1 .0 
3.5 2A 
11 
1.1 
5.8 4.8 1.0 
5.8 4.4 1A 
5.8 5.8 0.0 
5.6 5.2 OA 
3.3 3.0 0.3 
5.3 3.8 1.5 
3.1 2.5 0.6 
4.7 5.3 -0.6 
5.0 3.9 1.1 
5.2 2.8 2A 
4.5 4.4 0.1 
5.1 3.8 1.3 
4.8 4.2 0.6 
5.0 4.5 0.6 
4.5 3.6 0.9 
4.8 4.1 0.7 
No. of responses by Age 
Group 
4.8 
11 
4 .2 
3.9 
11 
5.2 -1 .3 
1.6 I 5.9 -4.3 
4.0 5A -1A 
5.5 5.6 -0 .1 
4.7 5.3 -0.6 
3.2 4.6 -1A 
3.8 4.7 -0 .9 
2.5 5.2 -2.7 
4.8 4.5 0.3 
3.2 4.7 -1 .5 
5.2 
11 
5A -0.2 
4.4 
" 
5.0 -0.6 
3.5 5.1 -1.6 
3.6 5.2 -1.6 
4.3 5.1 -0.8 
3.9 5.0 -1.0 
3.9 5.1 
11 
-1.1 
Total (n=36) 
-6 
-6 
18-34 
60+ 
60+ 
35-59 
35-59 
35-59 
60+ 
60+ 
60+ 
ou describe the look of the roduct? 
I_Ill Loughborough 
• University 
Computer Mouse A Computer Mouse B Computer Mouse C 
Virtual Actual Virtual Actual Virtual Actual 
Ok Modern 
11 
Sleek 
11 
As before 
11 
Metallic 
11 
Funky lights 
Stylish, cool Boring , old I Grey, slim 11 Plain 11 Basic, bland I1 Pretty fashioned 
Plain, simple , no Futuristic, Slim line, Stylish, Plain, boring , stylish, Grey, wonky futuristic, easy 
additional 
un stylish modern, slim looking lightweight, to use , buttons line, lightweight cable lightweight 
Big, simple Boring, big Sleek, slim , Bulky Long , stylish Colourful design small 
Updated version Comfortable and Stylish Old fashioned Modern, 
of mouse compact compact , stylish 
Streamlined Basic Contoured Don't like curved I 
I 
Pleasing to the 
look eye 
Plastic looking Weird 
11 
Stylish I Odd 11 Slim 11 Modern and cheap 
Old fashioned, DEJE] Very nice, slim bland colour line look very nice 
Comfortable, Looks difficult to Not too Sleek, Sleek, 
stylish Unappealing use attractive, comfortable, comfortable and dullish colour stylish stylish 
Good Poor Good Good Good Good 
Easy to handle Cheap and light Similar to others Looks clumsy Smart and sleek Smart and sleek 
when in use in weight 
Bulky 
Robot Wars Dated Slick Comfortable - Gimmicky Boring, simple loads of featu res 
Old First generation Futuristic base Innovative 
wireless mouse model 
User friend Iy Nice to use but Quite stylish As before Very bog Like the light quite ugly standard co lours 
Clean Old and cheap Modern 
11 
As before Modern 
11 
As before 
B C 'Space agey' Ergonomic except for the crappy wire 
Comfortable Ok Ok Ok Ok 
11 
Nice 
1 
Bulky Neat Same As before Functional 11 Same As before 1 
Odd shape Modern 
1 
Ok 
1 
Similar to other Ok Odd shape Comfy to use A mouse Well illuminated 
mouse's 
Quite Good Too light Good Average Good Great 
Satisfactory Old fashioned Smart Average Very attractive Very good 
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~ Loughborough 
• University 
A endix 8.9f - How would ou describe the look of the roduct? 
Computer Mouse A 11. 0ElI 18-34 1i=1 ===;11 Virtual Actual Average 
11 
GEJBI 11 11 
I:lw~ Comfortable , Cheap and 
tacky LJLJG smooth 
~====~~====~ GBB Ok , bit plain Old style, cheap 
~======~~======~ 0ElI 35-59 II Ok II 11 Do not like 
Look, too big 
and not very 
stylish GBBD G~~~I ===M=o=de=r=n ==~~========~ 
Comfortable 
Busy! 0@] 35-59 II 
~==~ GEJB Old fashioned 
GEJB Clean and neat 
Looks quite 
bulky therefore 
harder to 
handle with 
arthritic hands 
Old 
Too Big 
Cheap 
Bulkier yet 
lighter to hold 
Computer Mouse B 
Virtual Actual 
Modern 
11 
Desirable 
Sl im line 
1 
Ok, but heavy 
Easy to use Sleek and 
and sleek stylish 
Professional, 
I 
Stylish 
stylish 
Ok 
11 
Comfortable 
Very stylish Stylish & easy 
and easy to to use 
use. 
Stylish Comfortable, 
solid 
Rounded Chunky 
Side Buttons, Dated good idea. 
Very stylish Moderate 
Quite easy to 
Sleek and use and hold , 
side buttons 
more functional harder to 
reach. GGB GBGB~PleaSing Do not like colou r will get dirty easily, looks ok, 
otherwise EJ Not too stylish against C but more comfortable to hold 
Computer Mouse C 
Virtual Actual 
Compact 
Colourful, slim 
line 
Ergonomically, 
friendly , old Retro, funky 
fashioned cord. 
11 
Simple Stylish , interesting 
11 
Ok Good 
Very easy to Very stylish 
use and and easy to 
modern use 
1 
Mouse like Modern and light 
11 
Sleek As before 
11 
Stylish I Modern 
11 
Sleek 
1 
Very user 
friendly 
Sleek, easy to Easy to hold , 
use stylish 
DB 
.. 
... . . .. 
• • I I . I • I C' 11 1 · IIUIC· '-LUI Cl Cl' IIC'-L V' 'UI ,IU ':; • ~ ~. 
No. of Respondents No. of Respondents 
Appendix 8.99 - By Gender By Age 
Would the 18-34 35-59 60+ 
manufacturer 
affect your 
Male Female decision to 
Total (n=36) 
purchase? 
Responses 
------~-.., No 26 14 12 7 10 9 
3 Don't know 4 3 3 7 
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Appendix 8.9h - What percentage of rubber I plastic do you think the top surface is 
made from? 
Computer Mouse A Computer Mouse B Computer Mouse C 
1 
8 01 18-34 
801 18-34 
801 18-34 
801 35-59 
801 35-59 
801 35-59 
801 35-59 
801 60+ 
801 60+ 
801 60+ 
801 60+ 
18-34 
18-34 
18-34 
18-34 
35-59 
35-59 
35-59 
35-59 
60+ 
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omfortable to use? 
Computer Mouse A Computer Mouse B Computer Mouse C 
18-34 2.6 2.9 0.3 5.7 0.3 -5.4 2.7 5.6 
18-34 1.2 0.6 -0.6 4.5 4.7 0.2 5.7 5.9 
35-59 3.5 3.4 -0.1 5.0 5.0 0.0 2.5 4.2 
35-59 4.5 4.0 -0.5 2.5 1.3 -1 .2 2.0 4.3 
35-59 2.7 2.7 0.0 5.0 1.6 -3.4 4.4 5.5 
35-59 4.4 2.9 -1 .5 2.7 3.1 0.4 4.4 5.1 0.7 
5.8 5.0 -0.8 2.5 5.5 3.0 4.5 5.8 1.3 
5.5 1.9 -3.6 1 4.8 
~====::~=~ 
5.1 0.3 4.7 
5.7 2.8 0.2 5.6 5.5 -0.1 2.7 -3 11 2.6 
~==~F====~~==~ :====~~====~F==~~=~F==~~=~ 
4.3 -0.3 11 4.9 4.6 3.2 
Ii==~=~==~~====~i====~ ~==~~====~~==~:====~~====~~==~I 
4.2 -0.8 11 3.8 5.0 4.4 
~====:.~=~ 
2.7 -0.8 11 4.2 2.6 
3.7 1 0.1 11 4.6 3.6 
3.2 11 0.0 11 4.6 3.5 
3.5 11 -1.9 3.7 4.2 
3.5 11 -0.8 4.0 3.5 
5.6 5.0 1 0.6 5.3 5.5 
18-34 4.8 4.2 0.6 5.5 5.4 
18-34 4.8 3.3 1.5 3.7 4.5 
18-34 3.2 0.7 2.5 3.7 3.8 
35-59 5.0 4.6 11 2.5 
~==~i===~ 
5.5 11 5.4 
2.1 11 5.3 
0.1 11 3.5 35-59 
:===~~==~ 
2.0 11 4.0 
:===~~==~ 
5.3 11 5.6 
35-59 
35-59 
60+ 5.6 11 0 .6 
60+ 3.2 1.4 
60+ 5.5 5.5 
60+ 5.6 3.7 
Average Male (2): 4.9 3.2 
4.4 3.8 
4.6 3.3 
5.5 
-2.0 11 5.4 
~==~~==~ 
-0 .3 11 1.1 
~====::~=~ 
4.3 
4.1 
5.0 11 5.8 
~====::~=~ 
1.8 11 4.3 
~==~F==~ 
5.6 
5.3 
0.0 11 6.0 4.9 
1.9 5.4 4.4 
1.7 5.0 5.4 
0.6 4.2 4.3 
1.3 4.6 4.8 
-1.1 4.2 5.4 1.2 
0.5 4.7 5.5 
0.6 4.2 5.3 1.1 
-0.2 5.7 4.9 0.8 
0.1 4.4 5.4 -1.0 
-0.8 2.7 4.3 -1 .6 
-0.1 4.3 5.9 -1 .6 
-2.1 
-0.5 
0.0 
-0.2 
-0.6 
0.0 
1.0 5.6 5.7 -0.1 
-0.4 4.6 7 
-0.1 4.0 4.7 -0.6 
-0.3 4.3 5.1 11 -0 .9 
4.4 3.8 1 4.7 -0.9 3.5 4.4 11 -0.9 
~=====~~==~~==~F==~~==~~==~~==~~==~ 
4.4 0.0 
Average (60+) (2) : 5.0 2.8 2.2 5.4 11 5.1 0.3 5.1 5.3 11 -0.2 
:==========~~==~~===~~==~~==~F====~~==~:====~~====~ 
Overall Average (2): 1 4.6 3.5 1.2 4.6 11 4.9 ,--_-0_.3_-, L _ _ 4._3_-, L __ 4_.9_ ---'1 1 -0 .7 
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think this uct would be ,,.,,, ..... ""rtable to use? 
Computer Mouse A Computer Mouse B Computer Mouse C 
11111111111111 
I 5.2 3.5 1.7 4.7 6.0 -1 .3 5.0 5.1 -0 .1 
0~1 18-34 5.5 1.0 4.5 4.7 5.4 -0.7 5.6 5.2 0.4 
001 18-34 5.7 2.2 3.5 5.5 5.0 0.5 4.9 5.4 -0 .5 0@J1 18-34 3.3 3.8 -0.5 5.4 5.7 -0 .3 4.0 5.1 -1 .1 
0~1 35-59 5.5 1.0 4.5 5.0 5.8 -0 .8 5.6 0.5 5.1 
0~1 35-59 5.1 5.3 -0.2 5.8 5.5 0.3 5.5 5.5 0 
001 35-59 5.8 5.2 0.6 3.6 5.0 -1.4 2.2 4.9 -2.7 0@J1 35-59 4.5 4.0 0.5 5.5 4.4 1.1 4.6 5.2 -0.6 
0~1 60+ 2.0 3.3 -1 .3 3.5 4.4 -0 .9 4.3 5.7 -1.4 
0~1 60+ 3.0 2.1 0. 9 5.3 4.8 11 0.5 4.5 5.5 -1 
001 60+ 1.1 3.0 -1 .9 4.1 11 3.6 1  0.5 4.0 4.4 -0.4 0@J1 60+ 2.3 4.0 -1 .7 5.3 5.5 -0 .2 5.5 5.6 -0 .1 
Average Male (3): 4.4 2.7 1.7 4.8 5.3 -0.5 5.1 4.6 0.5 
Average Female (3) : 3.8 3.7 0.1 4.9 4.9 0.0 1 4.2 5.1 -0.9 
Average (18-34) (3): 4.9 2.6 2.3 5.1 5.5 -0.5 1 4.9 5.2 -0.3 
Average (35-59) (3) : 5.2 1 3.9 1 1.4 5.0 5.2 -0.2 11 4.5 4.0 1 0.5 
Average (60+) (3) : 2.1 11 3.1 11 -1 .0 4.6 4.6 0.0 11 4.6 5.3 1 -0.7 
Overall Average (3): 11 4.1 1 3.2 11 0.9 4.9 11 5.1 -0.2 11 4.6 4.8 11 -0.2 
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18-34 
18-34 
18-34 
35-59 
35-59 
35-59 
35-59 
60+ 
60+ 
60+ 
60+ 
Average Male (3) : 
Average Female (3) : 
Average (18-34) (3): 
Average (35-59) (3): 
Average (60+) (3) : 
Overall Average (3) : 
u think this 
Computer Mouse A Computer Mouse B 
I_Ill Loughborough 
• University 
Computer Mouse C 
111111111111111 
I1 
3.0 2.7 4.1 5.5 
11 
-1.4 3.0 
11 
4 .8 
11 
-1 .8 
5.5 
11 
1.2 4.3 4.7 5.0 
11 
-0.3 5.5 
11 
5.2 
11 
0.3 
0.4 0.6 -0.2 5.4 5.3 
11 
0.1 0.6 
11 
5.3 -4.7 
2.5 1.5 1.0 4.4 5.6 
11 
-1.2 3.0 5.1 -2 .1 
5.4 0.9 4.5 5.3 5.8 
11 
-0.5 
11 
5.5 0.9 4.6 
4.6 5.3 -0.7 5.7 5.3 
11 
0.4 
11 
5.2 5.5 -0.3 
5.6 4.6 1.0 3.4 4.4 
11 
-1 .0 1.7 4.0 -2 .3 
3.9 3.0 0. 9 5.5 4.7 
11 
0.8 4.0 5.2 -1.2 
2.3 3.6 -1 .3 3.6 3.0 
11 
0.6 4.7 5.7 -1 .0 
3.6 2.8 0.8 5.3 5.3 
11 
0.0 4.7 5.4 -0 .7 
1.1 1.9 -0.8 4.5 2.7 
1 
1.8 4.3 4.4 
1 
-0.1 
1.9 3.9 -2.0 5.4 5.3 0.1 4.1 5.5 
11 
-1.4 
4.5 2.8 1.7 4.8 5.0 -0.2 4.8 4.6 
11 
0.2 
2.6 2.6 0.0 4.8 4.7 0.1 3.0 4.9 -2.0 
3.5 1.6 2.0 4.7 5.4 -0 .7 3.0 5.1 -2.1 
4.9 3.5 1.4 5.0 5.1 -0.1 0.2 
2.2 3.1 -0.8 4.7 4.1 
1 
0.6 -0 .8 
3.5 2.7 0.9 4.8 4.8 
11 
0.0 -0.9 
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18-34 
18-34 
18-34 
35-59 
35-59 
35-59 
35-59 
60+ 
60+ 
60+ 
3 60+ 
Average Male (3): 
Average Female (3) : 
Average (18-34) (3): 
Average (35-59) (3): 
Average (60+) (3) : 
Overall Average (3) : 
think this roduct would be hard I 
Computer Mouse A Computer Mouse B 
• • Loughborough 
• University 
neral? 
Computer Mouse C 
11111111111111111 
4.3 1.2 5.3 6.0 
11 
-0.7 5.7 5.3 
3.5 2.0 1.5 4.5 4.6 
11 
-0.1 5.2 5.4 -0.2 
3.6 5.5 -1 .9 5.6 5.4 0.2 4.7 5.8 -1 .1 
3.2 5.0 -1 .8 5.0 5.4 -0.4 5.3 5.0 0.3 
5.8 4.6 1.2 5.7 5.8 -0.1 
11 
5.7 1.1 4.6 
5.5 5.3 0.2 5.7 5.3 0.4 
11 
5.6 5.4 0.2 
5.6 5.0 0.6 3.5 4.9 -1.4 
11 
1.0 3.5 -2 .5 
3.8 4.4 -0.6 5.2 5.3 -0.1 5.0 5.4 -0.4 
3.0 4.8 -1 .8 3.7 5.1 -1.4 4.6 5.5 -0.9 
4.3 4.5 -0.2 5.0 5.2 -0 .2 
11 
4.8 5.5 -0 .7 
1.5 3.9 -2.4 4.9 3.4 1.5 
11 
4.7 4.8 
1 
-0 .1 
1.0 5.1 -4.1 3.9 5.5 -1 .6 
1 
3.3 5.5 
11 
-2 .2 
4.6 4.3 0.4 5.0 5.3 -0.4 5.3 4.7 
11 
0.6 
3.1 4.8 -1 .7 4.7 5.0 -0.3 4.0 5.0 -1.0 
4.0 4.2 -0.3 5.1 5.4 -0.3 5.2 5.4 -0.2 
0.5 
-1 .0 
-0 .2 
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think the main buttons would be hard I to use? 
Computer Mouse A 
5.5 
5.3 
3.4 
35-59 5.4 4.7 
35-59 2.0 1.3 
35-59 4.5 2.8 
60+ 5.8 5.8 
60+ 4.4 4.3 
60+ 5.4 5.6 
60+ 4.5 4.0 
5.2 4.7 Average Male (1) : 
~=~F==~ 
Average Female (1) : 4.4 4.1 
5.2 5.2 Average (18-34) (1) : 
:====:~====: 
Average (35-59) (1) : 4.9 5.0 
Average (60+) (1) : 5.0 4.9 
Overall Average (1 ): 4.8 4.4 
[:::][~.~JI 18-34 5.7 4.6 
5.2 5.5 
4.5 4.9 
4.1 1.0 
2.8 4.9 
5.4 3.2 
1.4 4.0 
Computer Mouse B 
-0 .1 5.8 0.7 
1.2 4.2 5.6 
-0.9 4.5 4.8 
-0.7 3.0 4.1 
-0.7 4.0 2.7 
-1 .7 2.7 4.1 
0.0 4.8 5.6 
-0 .1 4.9 4.5 
0.2 3.1 2.8 
-0.5 4.0 4.0 
-0.5 4.6 4.9 
-0.3 4.0 3.3 
0.0 5.1 4.2 
0.1 5.0 4.2 
-0.1 4.2 4.2 
-0.4 4.3 4.1 
1.1 5.4 [ 5.3 
-0.3 5.5 1  5.3 
-0.4 0.6 11 3.5 
3.1 
-2.1 
2.2 
-2.6 
0~1 18-34 
001 18-34 
0~1 18-34 
0~1 35-59 
0~1 35-59 
001 35-59 
0~1 35-59 
5.1 11 5.4 
5.3 11 5.2 
2.3 11 5.3 
5.5 11 4.8 
F====~~====~~====~~=== 
0~1 60+ 
0~1 60+ 
001 60+ 
0~1 60+ 
5.0 
5.7 
3.3 
5.6 
5.1 
5.5 
5.6 
2.6 
5.5 
5.2 
-0.5 4.5 4.4 
0.1 5.7 5.7 
0.7 4.2 4.6 
0.1 5.8 5.1 
-0.1 5.3 3.9 
I 
Computer Mouse C 
5.7 5.8 0.2 
-5.1 5.7 5.6 0.1 
1.4 5.7 5.8 -0 .1 
0.3 5.8 4.2 0.1 
1.1 3.1 2.2 -1 .6 
-1.3 4.3 4.5 -0.9 
1.4 
0.8 
-0.4 
-0.3 
0.0 
0.3 
-0 .7 
-0.9 
-0.8 5.7 5.4 -0 .3 
0.0 3.9 3.3 -0 .6 
-0.2 4.6 4.3 -0.3 
0.1 5.7 5.6 0.1 
0.2 5.4 5.5 -0.1 
-2.9 5.5 4.9 
-0.3 5.5 5.9 -0.4 
0.1 4.9 5.4 -0.5 
-3.0 11 4 .7 5.8 -1 .1 
0.7 1 4.9 5.3 
0.1 5.1 0.9 4.2 
0.0 5.4 5.8 -0.4 
-0.4 3.3 4.6 -1 .3 
0.7 5.7 5.9 -0.2 
1.4 5.6 5.6 o 
5.5 -0.6 1 Average Male (2) : 4.7 4.4 0.3 4.7 5.2 -0.5 4.9 
F====~~====~~====~~==~~=~:F===~F=====~~==~F====~ 
Average Female (2) : 4.3 4.4 -0.1 4.5 
4.2 4.9 4.0 0.9 Average (18-34) (2): 
:====:~==~~==~~=~ 
Average (35-59) (2) : 3.7 4.4 -0.8 11 4.4 
Overall Average (2) : L-__ _ 4.5 4.4 
F====~~====~~====:~==~ 
Average (60+) (2) : 4.9 4.7 0.2 11 5.3 
F====~~====~~====:~==~ 
0.1 11 4.6 
-346-
4.5 -0.1 5.4 4.8 0.6 
4.9 -0.7 5.5 5.5 0.1 
4.9 -0.5 4.9 4.4 0.6 
4.8 0.4 5.0 5.5 -0.5 
4.9 -0.3 5.1 5.1 0.0 
u think the main buttons would be hard I 
Computer Mouse A Computer Mouse B 
11111 
5.4 
11 
5.2 
4.2 
11 
4.0 0.2 3.5 4.1 -0.6 
18-34 1.6 
1 
5.3 -3 .7 5.7 5.9 -0.2 
18-34 4.8 4.8 0.0 4.9 5.5 -0.6 
35-59 5.7 1.0 4.7 5.7 5.8 -0 .1 
35-59 5.5 5.0 0.5 5.6 5.5 0. 1 
35-59 5.6 5.0 0.6 4.3 4.9 -0.6 
35-59 3.5 4.7 -1.2 5.7 5.1 
11 
0.6 
60+ 4.3 5.1 -0.8 3.5 4.8 
11 
-1 .3 
60+ 4.5 5.2 -0.7 5.1 5.4 
11 
-0.3 
[2] 60+ 2.4 3.3 -0.9 4.3 2.2 I 2. 1 [2] 60+ 1.3 5.5 -4.2 4.2 5.5 -1 .3 
Average Male (3) : 4.9 4.3 0.7 4.8 5.3 -0.5 
Average Female (3): 4.8 -1 .6 4.9 4.9 0.0 
Average (18-34) (3): 4.8 -0.8 4.8 5.4 -0.6 
Average (35-59) (3): 3.9 1.2 5.3 5.3 0.0 
Average (60+) (3) : 3.1 4.8 -1.7 4.3 
11 
4.5 -0.2 
Overall Average (3) : 4.1 4.5 -0.4 4.8 
11 
5.1 -0.3 
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1 
1 
11 
11 
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to use? 
Computer Mouse C 
5.2 5.3 -0.1 
5.2 5.8 -0.6 
5.3 5.0 0.3 
5.7 0.6 5.1 
5.6 0.1 
0.5 -3.6 
5.2 -0.6 
4.5 -1.0 
5.0 5.1 -0 .1 
4.0 4.6 -0.6 
2.0 5.5 -3.5 
5.3 4.6 0.7 
3.7 5.1 -1.4 
5.4 5.5 -0.1 
4.3 0.3 
3.9 -1.3 
4.5 -0.4 
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Computer Mouse A 
~ Loughborough 
., University 
would be hard I eas to use? 
Computer Mouse B Computer Mouse C 
111111111111111111111 
4.2 1.7 5.4 5.8 -0.4 5.0 4.9 
11 
0.1 
4.8 4.0 0.8 5.2 4.3 0.9 5.1 4.9 
11 
0.2 
5.3 5.8 -0 .5 5.9 5.9 0.0 5.0 5.8 
I1 
-0 .8 
4.5 4.9 -0.4 5.0 5.5 -0 .5 5.0 5.0 0.0 
5.6 5.7 -0 .1 5.8 5.8 0.0 5.7 5.6 0.1 
5.6 5.2 0.4 5.8 5.3 0.5 5.8 5.2 0.6 
5.5 5.0 0.5 3.8 5.0 -1.2 0.9 4.3 -3.4 
3.6 4.6 -1 .0 5.2 4.8 0.4 3.9 5.5 -1 .6 
4.8 5.2 -0.4 4.7 5.0 I -0.3 5.1 I 5.5 -0.4 
4.2 5.1 -0.9 5.2 5.5 
I 
-0.3 4.9 
11 
5.4 -0.5 
4.0 3.2 0.8 4.9 3.3 1.6 
11 
3.1 
11 
4.7 -1.6 
1.0 5.3 -4 .3 4.6 5.5 -0.9 
11 
1.6 
11 
5.5 I -3 .9 
5.2 4.9 0.3 5.4 5.3 0.1 
11 
5.3 I 5.3 11 0.0 
4.0 4.8 -0.8 4.9 5.0 -0.1 
11 
3.3 5.1 
11 
-1.9 
Average Male (3): I 
:==~ 
Average Female (3): 
5.1 4.7 0.4 5.4 I 5.4 0.0 5.0 5.2 11 -0.1 
5.1 5.1 -0.1 5.2 
11 
5.2 I -0.1 4.1 5.2 11 -1.1 
3.5 4.7 -1.2 4.9 
11 
4.8 
11 
0.0 3.7 5.3 
11 
-1.6 
4.6 4.9 -0.3 5.1 
11 
5.1 
11 
0.0 4.3 5.2 
11 
-0.9 
Average (18-34) (3) : 
:==~ 
Average (35-59) (3): 
:==~ 
Average (60+) (3) : 
:==~ 
Overall Average (3): 
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I 
Cl 
If) 
(''i 
I 
18-34 
18-34 
35-59 
35-59 
35-59 
35-59 
60+ 
60+ 
Average Female (3): 
Average (18-34) (3): 
Average (35-59) (3): 
Average (60+) (3): 
Overall Average (3) : 
~ Loughborough 
• University 
u think the side buttons if a would be hard I to use? 
Computer Mouse A Computer Mouse B Computer Mouse C 
111111111111 
11 
2.5 
1 
3.0 -0.5 
11 
4.5 1.5 
11 
3.0 
11 
11 
3.0 0.8 2.2 
11 
3.7 3.9 
11 
-0.2 N/A N/A N/A 
11 
0.8 0.5 0.3 
11 
5.8 5.5 
11 
0.3 N/A N/A N/A 
1 
2.1 2.0 0.1 
11 
2.2 2.0 
1 
0.2 N/A N/A N/A 
5.7 0.5 
1 
5.2 
11 
5.7 5.7 0.0 N/A N/A N/A 
5.1 5.5 
11 
-0.4 
1 
5.6 5.5 0.1 
1 
N/A N/A N/A 
5.0 5.4 -0.4 4.0 5.0 -1 .0 
11 
N/A N/A N/A 
1.4 1.5 -0.1 4.7 4.4 0.3 
11 
N/A N/A N/A 
3.3 1.3 2.0 5.0 
11 
5.1 -0 .1 
11 
N/A N/A N/A 
4.3 3.9 0.4 5.4 
11 
5.7 -0 .3 
11 
N/A N/A N/A 
2.1 3.5 -1.4 4.6 
11 
2.1 2.5 
1 
N/A N/A 
5.2 5.5 -0.3 4.7 5.5 -0 .8 N/A N/A 
4.0 2.5 1.5 5.0 4.6 0.4 N/A N/A N/A 
2.8 3.1 -0.3 4.3 4.1 0.3 N/A N/A N/A 
2.1 1.6 0.5 4.1 3.2 0.8 N/A N/A N/A 
4.3 3.2 1.1 5.0 5.2 -0 .2 N/A N/A N/A 
3.7 3.6 0.2 4.9 4.6 
11 
0.3 N/A N/A N/A 
3.4 2.8 0.6 4.7 4.3 
11 
0.3 N/A N/A N/A 
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, .--0.--0.--0.--0.--0 .--..--or-1r-1r-1 r-1 r-1 
18-34 
18-34 
18-34 
35-59 
35-59 
35-59 
35-59 
60+ 
60+ 
60+ 
60+ 
Average Male (3): 
Average Female (3) : 
Average (18-34) (3): 
Average (35-59) (3): 
Average (60+) (3): 
Overall Average (3) : 
~ Loughborough 
., University 
ou think that the arran ement of the buttons is? 
Computer Mouse A Computer Mouse 8 Computer Mouse C 
1111111111111111111 
4.0 
11 
-2 .0 4.5 5.8 -1 .3 4.7 5.7 -1.0 
3.2 1.2 
11 
2.0 3.7 2.3 1.4 4.7 4.8 -0.1 
0.5 4.5 
11 
-4.0 5.8 5.3 0.5 5.0 5.8 -0.8 
2.7 2.9 
1 
-0.2 4.4 4.5 -0.1 4.8 4.7 0.1 
5.6 0.4 5.2 5.8 5.8 0. 0 5.7 4.3 1.4 
5.3 5.1 0.2 5.2 5.3 -0 .1 4.8 5.4 -0 .6 
5.0 5.2 -0.2 3.3 4.7 -1.4 0. 5 3.2 -2 .7 
1.9 1.4 0.5 3.8 4.1 -0 .3 4.9 5.4 -0 .5 
3.1 1.5 1.6 4.2 5.1 -0.9 4.4 5.4 -1 .0 
4.1 4.6 -0.5 5.2 5.6 -0.4 4.9 5.2 -0 .3 
2.0 3.5 -1 .5 3.1 2.5 0.6 4.0 4.3 
1 
-0 .3 
5.4 5.5 -0.1 4.8 5.5 -0.7 5.1 5.4 
11 
-0.3 
3.9 2.8 1.1 4.8 5.0 -0.2 4.9 5.1 
11 
-0.3 
2.9 3.8 -0 .9 4.2 4.4 -0.2 4.1 
11 
4.8 
1 
-O.B 
2.1 3.2 -1.1 4.6 4.5 0.1 4.8 
11 
5.3 -0.5 
4.5 3.0 1.4 4.5 I 5.0 -0.5 1 4.0 11 4.6 -0.6 
3.7 3.8 -0.1 4.3 
11 
4.7 -0.4 
11 
4.6 
11 
5.1 -0.5 
3.4 
11 
3.3 0.1 4.5 
11 
4.7 
11 
-0.2 
11 
4.5 
11 
5.0 -0.5 
-353-
.c 
eo 
::s 
8 oe-
oO °[;i 
.c .... eo~ ::S O_ 
oC 
....J:J 
:t 
o 
• 
<.J 
Cl> 
III 
::J 
0 
a: 
.. 
Cl> 
:; 
Co 
E 
0 
<.J 
!Xl 
Cl> 
III 
::J 
0 
a: 
.s 
::J 
Co 
E 
0 
<.J 
et 
Cl> 
III 
::J 
0 
a: 
:;; 
:; 
Co 
E 
0 
<.J 
== is 
;;; 
B 
u 
et 
;;; 
::J 
1:: 
:> 
== is 
;;; 
::J 
ti 
et 
;;; 
::J 
1:: 
:> 
== is 
;;; 
::J 
ti 
et 
;;; 
::J 
1:: 
:> 
JooooGGGGGGGGGGG0GGGGGGGGGGGGGGooDO[ 
~~GGGGGGGGGGGG0G0GGGGG0GGGGGGGG~~~~~ 
~~GGGG0GGGGGG0GGGGGGGGGGGGGGGGGGGG~~ 
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGI ~ 11 ~ 
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGI ~ 
GGGGGGGGGGGGGGGGGGG0GGGGGG0GGGGGGGGG ~ 
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG0GGGG ~ 
Gr 
RI 
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG 
GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG 
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iU!L!JI GL=JL=JL=JL=JL=JL=JL=JL=JL=J --~~~~~~~~~~ ~MBBBBBBBBBB 
18-34 
18-34 
18-34 
35-59 
35-59 
35-59 
35-59 
60+ 
60+ 
11 
60+ 
11 
60+ 
Average Male (3): 
Average Female (3): 
Average (18-34) (3): 
Average (35-59) (3): 
Average (60+) (3) : 
Overall Average (3): 
like to own this roduct? 
Computer Mouse A Computer Mouse B 
~ Loughborough 
., University 
Computer Mouse C 
1111111111 
I 5.2 0.1 11 3.8 5.4 1 -1 .6 
11 
1.6 1.3 
11 
4.4 5.8 
1 
-1.4 
0.5 0.1 0.4 5.8 
11 
4.4 1.4 
11 
0.2 5.8 
1 
-5.6 
1.1 0.1 1.0 5.7 I 5.8 -0.1 11 4.0 5.5 1 -1.5 
5.7 0.5 5.2 3.2 5.8 
11 
-2.6 4.0 0.4 
1 
3.6 
4.8 2.7 2.1 5.2 5.5 I -0.3 5.2 5.5 11 -0 .3 
5.6 5.0 0.6 3.3 5.2 -1.9 0.1 3.8 
11 
-3.7 
2.2 1.4 0.8 5.2 4.0 1.2 4.2 5.6 
11 
-1.4 
3.2 0.8 2.4 4.5 4.1 0.4 5.3 5.5 
11 
-0 .2 
4.1 2.1 2.0 5.4 3.2 4.1 -0.9 
1.9 1.7 0.2 4.5 4.6 -0 .1 
1.0 1.4 -0.4 2.8 5.4 -2 .6 
4.3 1.7 2.6 4.3 4.5 -0.1 
1.6 0.4 4.9 4.5 0.5 2.6 
11 
5.1 -2.5 
1.1 1.3 4.9 4.3 0.7 3.1 
11 
5.6 -2.5 
2.4 2.2 4.2 5.1 -0.9 3.4 
11 
3.8 -0 .5 
1.5 1.1 4.9 4.3 0.6 4.0 
11 
4.9 -1.0 
1.7 1.5 4.7 4.6 0.1 3.5 
11 
4.8 -1.3 
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~ Lo~ghb.orough 
• Umverslty 
Appendix S.9q - How fast I slow do you think you would be to learn how to use this 
uct? 
Computer Mouse A Computer Mouse B Computer Mouse C 
18-34 4.4 2.3 2.1 5.0 3.9 1.1 0.8 
18-34 2.0 5.8 -3.8 5.7 5.6 0.1 5.8 0.0 
18-34 4.5 5.0 -0.5 4.9 5.4 -0.5 5.1 -0.3 
35-59 5.5 3.7 1.8 5.6 1 5.8 -0.2 5.6 1.9 
0EJ 35-59 5.4 5.4 0.0 5.4 11 5.5 -0.1 5.4 5.4 0.0 
001 35-59 5.6 5.6 0.0 3.6 11 5.1 -1.5 1.3 4.0 -2.7 
001 35-59 2.8 2.2 0.6 5.3 11 3.5 1.8 5.5 5.7 -0.2 
0~1 60+ 5.1 3.4 1.7 3.3 I 5.1 -1 .8 5.3 5.4 -0 .1 
0EJI 60+ 4.5 5.3 -0.8 5.3 5.7 -0.4 4.8 1 5.4 -0 .6 
001 60+ 3.3 3.5 -0.2 4.3 3.0 1.3 4.0 11 4.4 -0.4 
001 60+ 3.0 5.3 -2 .3 5.2 5.5 -0.3 5.0 11 5.5 -0 .5 
Average Male (3): 4.7 4.4 0.4 4.9 5.3 -0.4 5.3 4.9 0.4 
Average Female (3): I 3.5 4.6 -1 .0 4.8 1 4.7 0.2 4.5 5.1 -0.7 
Average (18-34) (3): 3.6 4.8 -1 .2 5.2 I 5.2 -0.1 5.4 5.2 0.2 
Average (35-59) (3): 4.8 4.2 0.6 5.0 5.0 0.0 4.5 4.7 -0.3 
Average (60+) (3): -0.4 4.5 4.8 -0.3 4.8 5.2 -0.4 
Overall Average (3): -0.3 4.9 5.0 -0.1 4.9 5.0 -0.1 
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< I --GGGGGGGGGGGG r-.r-.r-.r-.r--;r---,~~~~r-.r-
18-34 
18-34 
18-34 
35-59 
0 35-59 
001 35-59 
001 35-59 
0~1 60+ 
0~1 60+ 
0 F1 60+ 
0 F2 60+ 
Average Male (3): 
Average Female (3): 
Average (18-34) (3): 
Average (35-59) (3) : 
Average (SO+) (3) : 
Overa ll Average (3) : 
~ Loughborough 
• University 
u dislike I like the surface texture I feel of the roduct? 
Computer Mouse A Computer Mouse 8 Computer Mouse C 
111111 11111 
4.7 4.0 I 0.7 4 .8 5.8 -1 .0 3.5 4.9 1 -1.4 
3.1 1.9 1.2 3.2 2.3 0.9 4.3 4.4 1 -0.1 
3.1 0.2 2.9 5.7 4.5 1.2 5.3 5.8 11 -0.5 
2.9 0.3 2.6 5.7 5.2 0.5 4.9 5.8 1 -0.9 
5.3 0.2 5.1 4.3 1.3 5.7 0.8 1 4.9 
5.1 3.8 1.3 5.4 4.5 0.9 5.5 5.6 1  -0.1 
5.0 5.3 -0.3 4.2 4 .5 -0 .3 0.6 5.4 -4 .8 
3.0 1.4 1.6 3.0 3.7 -0.7 3.2 5.5 -2 .3 
3.3 0.7 2.6 4.4 0.9 3.5 5.1 5.4 -0.3 
4.4 3.1 1.3 I 5.3 4.8 0.5 3.5 5.4 -1.9 
1.8 2.3 -0.5 11 4 .5 2.9 1.6 3.7 4.3 -0 .6 
3.5 0.7 2.8 11 5.3 5.6 -0.3 5.0 5.5 -0.5 
4.3 2.3 2.0 1 4.S 3.S 1.0 4.S 4.4 0.2 
3.2 1.7 1.5 I 4.7 I 4.4 0.3 3.8 5.4 -1.S 
3.5 1.S 1.9 4.9 1 4.5 0.4 4.5 5.2 -0.7 
4.S 2.7 1.9 4.2 1 3.9 0.3 3.8 4.3 -O.S 
3.3 1.7 1.S 4.9 1  3.S 1.3 4.3 5.2 -0.8 
2.0 1.8 4.7 1  4.0 0.7 4.2 -0 .7 
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<Cl S-I ~[][][][][][][][][][][] GBBBBBBBBBBr-
Computer Mouse A 
11111 
~I 2.8 2.9 I -0.1 
~I 18-34 3.2 2.5 0.7 
01 18-34 3.6 0.3 3.3 
~I 18-34 3.1 2.9 0.2 
[2]~1 35-59 2.7 0.2 2.5 I 
[2]~1 35-59 5.3 3.3 2.0 1  
[2] F1 35-59 4.1 1.3 2.8 11 
[2] F2 35-59 3.2 1.7 1.5 11 
[2] M1 60+ 1.6 0.8 0.8 
[2] M2 60+ 2.7 2.6 0.1 
3 F1 60+ 1.9 2.0 -0.1 
3 F2 60+ 0.6 0.6 0.0 
Average Male (3): 3.1 2.1 1.0 
Average Female (3): 2.8 1.5 1.3 
Average (18-34) (3): 3.2 2.2 1.0 
Average (35-59) (3) : 1 3.8 11 1.6 2.2 
Average (60+) (3) : 1 1.7 11 1.5 0.2 
Overall Average (3): 1 2.9 11 1.8 1.1 
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rceive this roduct to be? 
Computer Mouse B Computer Mouse C 
11111 11 
2.8 2.8 0.0 11 11 0.3 
3.2 2.9 0.3 1  3.7 11 -0.5 
3.0 3.0 0.0 11 3.1 3.0 0.1 
3.0 2.9 I 0.1 I 3.0 2.7 0.3 
2.6 2.5 1  0.1 1.0 0.3 
5.2 3.1 11 2.1 5.3 -0.1 
3.0 1.5 1 1.5 I 2.4 -2.2 
3.3 3.0 1  0.3 11 3.1 3.7 -0.6 
3.0 1.0 11 2.0 11 4.0 4.8 -0 .8 
1.5 2.2 11 -0.7 11 3.0 2.4 0.6 
4.5 3.2 1 1.3 11 2.4 4.5 -2.1 
1.1 0.7 0.4 1.0 0.6 0.4 
3.1 2.4 0.6 3.4 3.4 0.0 
3.0 2.4 0.6 2.5 3.2 -0.7 
3.2 0.1 
3.6 -0.7 
3.1 1 -0.5 
3.3 11 -0.4 
I 
W 
0\ 
N 
I 
1 w 11 ~ 11 -4 I Condition 
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8.9u - What other features would 
Participant No. Computer Mouse A 
Virtual 
1A (35-59, M1) 
Actual 
2A (35-59, M2) Actual 
4A (35-59, F2) Actual Wireless and colour 
choice 
Virtual Wireless 
8A (18-34, M1) 
Actual Wireless 
9A (60+, M1) Virtual 
Virtual Battery level indicator 
10A (18-34, M1) 
Actual 
14A (18-34, M2) Virtual 
Virtual Different coloured clip on 
covers 
12A (18-34, F1) 
Actual As before 
Virtual Wireless, rechargeable 
11A (35-49, M1) 
Actual As before 
18A (35-49, M2) Actual 
34A (60+, F1) Actual 
15A (18-34, M1) Actual 
20A (18-34, F2) Actual 
Power on Virtual function on top 36A (60+, M1) 
Actual Side buttons lower 
Virtual 
31A (60+, M2) 
Actual 
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like on the 
Computer Mouse B 
Method of knowing if 
switched on or not 
Method of knowing if 
switched on 
Colour choice 
On light 
Battery level indicator 
Battery level indicator 
Bigger buttons, 
rechargeable 
As before 
Illuminated 
Side buttons, more 
differential colour, plus 
rechargeable 
Power on indicator on top 
Optic 
Slimmer 
RQ Loughborough 
• University 
? 
Computer Mouse C 
Method of knowing if 
switched on 
Would like click on main 
buttons 
Would be useful if it was 
wireless 
Wireless 
Needs a split between L 
+ R buttons 
Side buttons 
Side buttons As before 
To be wireless 
Possibly change to pink 
as well 
Wireless 
As before 
Side buttons 
Wireless 
Side buttons 
Side buttons 
(single on left) 
Battery 
~ Loughborough 
• University 
dix a.gv - What features don't 
~================~==================================~ 
Participant No. Computer Mouse A Computer Mouse B Computer Mouse C 
1A(35-59, M1) Virtual The design 
Virtual Don't like side buttons 
2A (35-59, M2) 
Design colours less Don't like shape, feel or Actual attractive weight. 
I 
Seems un aligned with fingers, 
5A(18-34, F1) Actual not comfortable and dull 
looking. 
8A(18-34, M1) Virtual 11 Side buttons 
Badge standing proud may 
9A(60+,M1) Virtual become uncomfortable with 
prolonged use. 
10A (18-34, M1) Virtual Side buttons 
Virtual Loose the cable Side button, when first used Cable kept pressing it 
14A(18-34, M2) 
The side button, I keep 
Actual pressing it when moving 
the mouse. 
The side buttons look hard 
Virtual to use as there in the wrong The side buttons The colour when on 
13A(18-34, F2) place. 
Actual As before 
Virtual Cable Cable 
11A (35-59, M1) 
Actual As before As before 
30A (60+, M2) Virtual Side buttons 
15A (18-34, M1) Virtual Grey areas confusing Scroll wheel too large I protrudes too much. 
Virtual Too many buttons, Cord 
19A(18-34, F1) confusing, cord 
Actual Old fashioned, colour, cord. Cord 
20A (18-34, F2) Actual Colour, style, shape, size Side button too small 
36A (60+, M1) Actual Plastic 
Appendix a.gw - Additional views I comments 
Participant No. 
15A (18·34, M1): 
19A (18·34, F1): 
20A (18·34, F2): 
36A (60+, M1): 
Response 
Left and Right handed version of Mouse C. 
No cord, less buttons in Mouse A. 
Mouse A should be smaller, Mouse C: changing light made me like this product more. Mouse B: 
the fact that this mouse is cordless makes it more appealing. 
Mouse B: softer feel. 
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A ndix 8.10 - Summarised difference values 
Criteria Condition 3 
Perceived cost of mouse +1- £4.18 
Quality 0.3 
Style 0.8 0.53 
Colour High Medium 
With open questions: short descriptions or one 
Description of product word answers only. A range of responses would produce a more reliable evaluation. Visual 
properties only. 
I Manufacturer Generally would not affect decision (when assessing computer mice) 
Material used (rubber 1 plastiC) -5%/8% 13%/-16% 10% /-10% 
Comfort of use 0.3 0.2 0.1 
Pleasurable to use -0.3 -0.3 0 
Ease of use, general I 0 -0.4 0.1 
Ease of use, main buttons 
11 
-0.1 -0.4 -0.1 
Ease of use, scroll wheel -0.2 -0.4 -0.5 
Ease of use, side buttons 0.5 -0.6 -0.2 
Button Layout 0.7 -0.2 -0.2 
Would like to own 0.4 0.1 0.1 
Fast 1 Slow to learn 0.2 -0.3 0.2 
Surface texture 1 feel -0.6 0.4 0.6 
Environmentally friendly -0.1 0.4 -0.1 
Switched on. 67% Change 58% Change 8% Change 
Additional features? With open questions: short descriptions or one 
word answers only 
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Most Reliable Condition 
3 
2 3 
2,3 
3 
3 2 
3 1,2 
3 
1,3 2 
2 
3 
2,3 
2,3 
1,3 2 
2 1,3 
1,3 2 
3 2 
1A 
Actual 
Virtual 
2A 
Actual 
Virtual 
3A 
Actual 
Virtual 
4A 
Actual 
Virtual 
5A 
Actual 
Virtual 
6A 
7A 
8A 
9A 
22A 
Virtual 
23A 
Actual 
Virtual 
28A 
Actual 
c -Observational notes 
Observations 
~ L01!ghb.orough 
.,Umverslty 
Made a quick first decision, minimal computer knowledge, made up mind quickly, value added 
functions are important. 
Studied each at beginning with referral during the trial 'Mouse A is old fashioned, close decision 
between C and B, Mouse C grows on you'. 
Considered answers, spent a short time at beginning. 
Didn't realise mouse had side buttons until actual, easier than B as its right handed and Mouse C 
is the simple, cheap option. 
Examined each well at beginning! 
Thought that Mouse B had a metal surface! 
Examined each well at beginning, slow to answer questions, took their time. 
Thought that Band C looked similar! 
Examined each well at beginning! Quick to answer, hi-end user, although a student. 
Tried each in turn, with referral to each during trails. 
Had no problems, Young used to mice, minimal testing. 
Kept referring to the mice throughout the evaluations. 
Had no problems, Young used to mice, minimal testing. 
Kept referring to the mice throughout the evaluations. 
Had no problems, Young used to mice, minimal testing. 
Kept referring to the mice throughout the evaluations. 
Didn't notice Mouse A had a side button at first, learning as they go along, Participant stated 
Mouse C has no definite split with the mouse button, less complex and more reliable? 
Examined each thoroughly at beginning! 
Worked through the questions slowly, is a 'sliver surfer', looked at each thoroughly but only looked 
once. 
Fine tried each in turn, referred back when needed. 
Worked through the questions slowly, thought B looked heavy, looked at each thoroughly but only 
looked once. 
Fine tried each in turn, referred back when needed, preferred C straight away. 
Poor use of mouse only uses main buttons, nervous using unfamiliar technology, looked once at 
each, looked back but didn't use full controls again, too complex! 
Fine, spent time looking at each and referred back to them after initial inspection. 
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10A 
Actual 
Virtual 
11A 
Actual 
Virtual 
12A 
Actual 
Virtual 
13A 
Actual 
Virtual 
14A 
Actual 
Virtual 
17A 
Actual 
2 
18A 
Virtual 
Actual 
Virtual 
21A 
Actual 
Virtual 
24A 
Actual 
Virtual 
30A 
Actual 
Virtual 
34A 
Actual 
Virtual 
35A 
Actual 
C - Observational notes 
Observations 
RQ Loughborough 
., University 
Spent time over the questions, knowledge of the cost price, Mouse B - Recognised 
Manufacturer (Possible that participant can picture mental image of actual product). 
Examined each thoroughly at beginning! 
Had no problems, thought A was awful. 
Doesn't like corded mice, had a good play around with each mouse at beginning. 
Had no problems. 
Kept referring to the mice throughout the evaluations. 
Had no problems. 
Didn't use the side buttons. 
Had no problems, thought Mouse A was a MAC mouse referred to the screen. 
Mouse A looks old than on screen, shows that colour effects peoples decisions, white 
makes the mouse look crisp, associate with the i-pod, guessed Mouse B guessed it was a 
Logitech. 
Spent time and considered their answer, didn't replay or pause animation. 
Spent 30-60 seconds on each mouse then referred back to each throughout the evaluation, 
mouse C - liked the 'pretty colours' thought it was peaceful! 
Looked quickly at each, mimed using mice (possible aid to perception). 
Examined each thoroughly at beginning, Mouse A: Comparison to MAC Mouse. 
Noted that some of the questions cannot be answered from renderings such as quality, 
considered answers, and mimed using each - (visual aid to cognitive process). 
Spent time trying each, B - 'feels right', referred back to each mouse when needed. 
Stated that she wouldn't know enough about the manufacturers for it to effect their 
judgement, was fine but slow with each mouse, thought B had a 'funny' shape. 
Fine, spent time looking at each and referred back to them after initial inspection, thought C 
- 'didn't feel right' and they thought A was 'cheap and cheerful'. 
Only looked at animations once, used touch pad as opposed to mouse, comfortable with 
using computers, stated that slightly older users 65+ would find it more difficult to use and 
80+ extremely hard. 
Played with each and referred back when needed, noticed logo should be on top of B, 
second evaluation faster however this is could be due to learning effect. 
Spent a longer over the questions. Looked through animation once, let it run through again 
through evaluation, Computer Mouse C - 'Like the colour and large button area'. 
Felt briefly once then referred back when needed. 
Spent a longer over the questions. Looked through animation once, let it run through again 
through evaluation, Computer Mouse C - 'Like the colour and large button area'. 
Felt briefly once then referred back when needed. 
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3 
15A 
Actual 
Virtual 
16A 
Actual 
Virtual 
19A 
20A 
25A 
26A 
Virtual 
27A 
Actual 
Virtual 
29A 
Actual 
Virtual 
31A 
C - Observational notes 
Observations 
Had no problems, quick evaluation. 
Had a quick evaluation of each mouse. 
Had no problems, quick evaluation. 
Had a quick evaluation of each mouse. 
~ Loughborough 
., University 
Only used computer for a few seconds for each mouse with quick referrals to screen went 
through entire evaluation process quickly. 
Spent 30-60seconds with each mouse at beginning, choose last preference first then 
second and so on. 
Only use each mouse for 30 seconds approx, with quick referrals to screen, also used zoom 
function. 
Spent 30-60seconds with each mouse at beginning, choose last preference first then 
second and so on. 
Fine with use of mouse controls although minimal use, after initial inspection didn't refer 
back. 
Fine, spent time looking at each in turn at start, referred back during questions. 
Fine with use of mouse controls although minimal use, referred back when unsure. 
Spent time looking at each and referred back to them after initial inspection. 
Fine with use of mouse controls although minimal use, referred back when unsure. 
Spent time looking at each and referred back to them after initial inspection. 
Confident use of mouse controls although minimal use, referred regularly. 
Fine, spent time looking at each and referred back to them after initial inspection. 
Spent a longer over the questions. 'Quite like operation, easy to use, very free' referred 
back to the virtual model regularly, sometimes clicking rather than using mouse scroll wheel, 
seemed comfortable with basic computer use. 
Held each in hand briefly then referred back to them briefly when required, the participant 
was more confident with their evaluation of the actual product. [J Spent a longer over the questions. Minor dexterity problems, but fine once got used to controls, used controls minimally. 32A~~===1 Held each in hand briefly then referred back to them briefly when required, the participant 
was more confident with their evaluation of the actual product. 
33A 
Actual 
Virtual 
36A 
Actual 
Spent a longer over the questions. PartiCipant played around with the virtual model, was 
fine with controls, only minor problems with holding scroll wheel down. 
Played around with each once for a short while then referred back occasionally. 
Spent a longer over the questions. Good manual dexterity, used briefly but frequently 
referred back to virtual model, was a bit confused at first with controls. 
Felt each once, referred back briefly when needed, computer mouse B - 'don't like the 
shape' and computer mouse C - 'good shape, needs side buttons, functions aren't as good 
as B'. 
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Designer requirements for next generation product evaluation software 
Company I Organisation: ._ ••• __ •• ____ • __ ._. _____ ._ Position: -
What CAD package(') do you currently use? 
What CAD package(s) would you prefer to use (now or In the near Mure)? 
What would ~ (8$ the deslgnel) want from the next-generation of CAD tool, 
specll1cally looking at a 3D visualisation and evaluation tool? 
Rate the Importance/deslrabRIty of the foRowlng 'eature. 'or a 3D visualisation & evaluation tool? 
(1 =Not at alt Imporlant, 2=Not very important, 3=Neither unimportant or important, 
4zQult& impottant '"'Very Imporlant NlA"Nof Applicable) 
H D le ardware & InDut ev es 
Pleas. ra\t ooch uturt Id< (no roe 
Basic Faatures 1 :2 3 4 S NlA 
Ability to use .,..~ipl. Input d4vicet althe Ino time 
e.o. mouse & 30 navloator. 
Abifrty to us •• touch screen 
Ability to uso graphicl tablet and stylus. 
Ability to ••• Ign keyboard shortcut ~oys 
'.0. 10 userl can ace ... different menus directlY. 
Ability to assign different functionl to input device. 
e.g. mouse scroll wheel could zoom or switch 1Iiews. 
Ability to use 'nonnar comput ... a. opposed to high end wor~stationo. 
Modular Software: Ability to 'add-on' or remove modules as required 
• uch •• EnoineeriTlll or emonomics module •. 
Development ci wirele .. Input deVic ... 
H you could .uggest I comment on .f.ature ~ would be: 
Advanced Features 1 2 3 4 a NlA 
Ability to import 30 scanning data. 
Ability to usa tactile display. (u .... con feel textunl). 
=t:.:~l~~.ic~:,:~=:~rnn!';;,~~=~.e and 
, ~ility to usa 3D stereoscopic displays wih gla ..... 
where the imaae appem to come out 01 the screen) 
Ability to usa Auto-storeoscopic displays •. g. 3D vieW 81 above but 
wtthout the need for olas •••• 
Ability to u.' Augmented Displays 
I (~a .. e. that ~ •• vlrl\Jai';;;;,duct Into the real wor1dl. 
Ability to use 3D holographic displays -floating imagel. 
Ability to us. eye. head or body tracl<ing hardware & software. 
H you could luggest I comment on • feature ~ would be: 
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Dear Alumnl. 
I El Lo",ghb.orough 
.,Umverslty 
Roland Barge BSc(Hons), MSc 
Department of Design & Technology, 
Loughborough University. 
Loughborough, 
Leicestershire. 
LE113TU 
Please could you help my research by completing the attached 'tick' survey which should take 
on average 5-10 minutes oryou can complete the same survey onllne at: 
http://www.surveyshare.com/surveyltakel?sid=49884 
I am conducting this work on behalf of the Department of Design & Technology at 
Loughborough University, as part of my final year PhD research. 
The aim of this survey Is to assess your views as a designer to aid the development of a 
specification for a 3d visualization and evaluation software tool for the future. Such a tool 
would be used to capture consumer perceptions using virtual prototyplng technologies. 
The Infonnation you provide wiU remain confidential and will be collated anonymously Into a 
report. which win form an essential part of my PhD • 
Please retum the completed questionnaire to the above address or feel free 10 contact me at 
r.a.barge@lboro.ac.uk for an electronic version Of if you have any other questions or 
comments. 
Thank you for your participation 
Yours Sincerely 
Roland Barge 
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Rate thelmportanca/ desirability of the fonowlng features for a 3D visualisation & evaluation tool? 
U rf ser nte ace 
Plea .. rate each feature fide one box} 
Basic Features 1 2 3 4 5 N/A 
AbiUty 10 export J view rendered pholo-reallslic 20 images. 
Abimylo view pholo-reaRslic modelS on screen dynamically. 
Abilfty 10 view an assembly J exploded model 
Ability 10 view pre-defined OIHIcreen views (top. side. front. perspective) 
Abilfty to create and view animations. 
360" 3D view of model or»creen - users can view model at any angle. 
No delay between rroving \ha mouse and movement on the display. 
Multiple view ports: e.g. nnuniple views III once. screen can be divided 
between Ihe views. 
Abiflty to DUI product n context with backgrounds. 
Abilfty 10 add • visible scale to show model sIZe. 
Model Hislory- ebllfty to undo or go back to previous version. of lhe 
model 
Abilfty to import I export wide range 01 CAD formats e.g. sit. 3d. etc 
H you could suggest J comment on a feature I would be: 
Advanced Features 1 2 3 4 S N/A 
Different levels of interface for evaluators: e.g. basic oplions for 
I beainners I more in-deoth Interface for advanced usen!. 
User can Interact With modet. e.g. users operate swlches and the model 
then simulates what would haooen. 
Abilfty 10 add sound(s) IhaI can be activated when model is operated 
virluanv or 10 add sound. 10 anJmations. 
On screen controls: e.g. zoom and rotational con\rcls appear on screen 
as buttons. 
User can evaluate nnuRiple design version. (can vary concept e.g. 
colour or other featuresi. 
Users can change concept. in real time: •. g. USen! can change feature. 
on I conce~'which UDdall the main model ·Iive'. 
Abilfty 10 view relevant ergonomics data on screen (includng ergonomic 
analYsis hand slz. ete\~ 
Abilfty to view engneering data. e.g. FEA. CFD 
Abilly 10 view manufacturing information (method. and rna\erials~ 
Layered views (overIays~ e.g. different level. 01 Information can b. 
toggled onJoff such as overlaying ergonomic data onto I hand operated 
tool 
Ability to highrlghl key features •. g. designer can highhghl features and 
add lext to descrt>e I feature which can be viewed by the consumer. 
Design program uses artificlallntel6gence where program ·suggest.' 
best practice for VDU e.a i~ 01 car Interior. 
W you could suggesl J comment on a feature I would be: 
P.T.O 
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Rate the Importancal desirability of the following features for a 3D visualisation & evaluation tool? 
• Information Gath rlnCl from Consumer Please rate each feature (fdconebox 
Basle Features· 1 2 3 4 5 N/A 
Evaluation 01 \ha product is led by designer. 
Evaluation of the product is led by consumer. 
Tutorials and wizards to help evaluator and designer learn the package. 
Ability to video conference. 
Ability to export for rapid prototyping e.g. 3D printing •. sti etc. 
Abmty 10 export 1 log various design changes and variations. 
If you could suggest J comment on a feature. would be: 
Advanced Features 1 2 3 4 5 N/A 
Onlin. coDaboration J evaluation between gnoups of users. 
Group evaluation: '.g. muniple USen! evaluating product simu~aneously. 
Ability 10 a~er user interfaca depending on user's experience, ags & 
other preferences. 
Database of pre-determlned questions to ask 10 consumers sorted Into 
cateoorles '.g. form, functicn etc. 
Consumer's answers recorded in a database which can be analysed 
and colfated into • report. 
Questions displayed on screen winh model '.g. user's can answer 
ouestions as we" as IooI:na at the model 
If you could suggest 1 comment on I feature. would be: 
Are the ... any features that you deflnltely would !l2I want to Include In future virtual evaluation tools? 
our emall address If ou don't mind beln contacted In the future? 
@ 
P.T.O 
Thank you for your participation. 
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Oesigner require ment. fOf next generation product evaluation .ol'lw.,. 
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Appendix 9.1 - Study D: Designer requirements for next generation product evaluation 
software questionnaire (Surveyshare screen captures) 
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Appendix 9.2 - Study D: Results collated from the pilot questionnaire 
Aopendix 9.2a - Kev features would vou want in a oroduct evaluation tool? 
Respondent No. Response 
Ability to display a range of formats, e.g. pictures, video, sound. 
10 
Creation of suitable question rating scales or other question formats . 
Abil ity to structure the presentation, by time, by experiment, by input, by format. 
Option to apply suitable statistics; produce graphs, present results. 
Good quality images of products, possibly generated in QuickTime VR. 
20 
Ability to change colour maps and finishes very quickly I easily. 
:======~ 
Clear visual representation . 
3D 
Ability to interact with product, to test 'fit' strength of some key parts etc. 
Appendix 9.2b - What type of user interface would vou like 
Respondent No. Response 
c:J 1 Windows based. 10 Features '(dis)able, so unusual features can be hidden or not installed to reduce clutter. c -20 11 Graphical but not overly complex or geeky! 
I 3D 11 30 immersion in the product context, including physical feedback. 
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A presentation system that allows pictures , video, sound to be presented alongside questions that is 
flexible yet simple to use. 
An analytical side similar to SPSS yet customised for paired comparisons and multiple product comparison. 
2D As before. 
3D User interface that is easy to understand by naIve users / evaluators. 
2D 
3D 
u want from the consumer? 
Response 
Graphs, tables, percentages, statistical test results. 
Comments, written or spoken feedback. 
Ranked choices of products, colours fin ishes. 
Objective info. On specific product features, possibly via Likert scale responses. 
General comment and views , which might be incorporated into software like Nvivo [see QSR International, 
2007 for further information]. 
Appendix 9.3 - Study D: Results collated from the secondary questionnaire 
Appendix 9.3a - Gender? 
Responses Number of Respondents Response Ratio (%) 
Male 83 79% 
Female 22 21 % 
Appendix 9.3b - How old are ou? 
Responses Number of Respondents Response Ratio (%) 
18-34yrs 68 
11 
65% 
35-59yrs 36 
11 
34% 
60+ yrs 
11 
1% 
-373-
A pendix 9.3c - What are ou currentl in? 
Responses Number of Respondents 
Graduate employed in industry 49 
Undergraduate study 14 
Other (See Tab/e 10.8) 14 
Non-graduate employed in industry 8 
PhD study 7 
I Postgraduate study 11 6 
1 Academic & research 
11 
6 
1 Unemployed 
11 
Appendix 9.3d - What are ou currentl other)? 
Respondent No. Response 
Post-graduate unemployable 
5 Consultant - self employed 
6 Product design consultancy principal 
10 Academic, research and employed in industry 
23 Product designer 
26 Self-employed in industry 
37 Post graduate, own business 
40 I Graduate employed in education 
52 Design director/owner 
53 Company director (BA Hons. ) 
83 Design consultant 
84 Postgraduate self-employed in Industry 
85 Self employed 
99 Teaching 
A endix 9.3e - Your compan lor anisation? 
Responses Number of Respondents 
1 Education & research bodies 23 
1 Design consultancies 23 
1 Engineering companies 13 
Consumer electronics & manufacturing companies 10 
Other professional companies 4 
Packaging companies 2 
Software developer 2 
Ergonomic consultancies 
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Response Ratio (%) 
46% 
13% 
14% 
8% 
6% 
6% 
6% 
1% 
Response Ratio (%) 
24% 
24% 
14% 
10% 
4% 
2% 
2% 
1% 
Appendix 9.3f - Your position? 
Responses 
1 Owner / proprietor 
1 Managing director 
1 Senior partner 
1 Concept / project / CAD manager 
1 Senior designer or engineer 
1 CAD operator / draftsman 
Product designer / engineer / consultant 
1 Creative / industrial/ designer 
Research fellow / PhD student / researcher 
1 Teacher / Iecturer / professor 
13d artist 
1 Technician I 
1 Student 11 
A - What CAD 
Responses 
1 Solidworks 
1 AutoCAD 
13D Studio MAX 
1 Rhino 
1 Pro/ENGINEER (Any Version) 
1 Autodesk Inventor 
1 UGS Solid Edge 
I CATlA 
Alias PLE 
Uni-graphics NX3 / NX4 / NX5 
Sketch-up 
Micro-Station V8 
Ashar Vellum / Cobalt / Graphite 
Ideas 
Pro Desktop 
Photos hop / Freehand 
No. of Respondents 
7 
11 
15 
11 
11 
8 I 
4 
5 
6 
10 
8 
5 
3 
9 
use? 
No. of Respondents 
41 
41 
27 
25 
18 
11 
9 
8 
6 
6 
3 
3 
3 
11 
2 
11 
2 
11 
2 
11 
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Response Ratio (%) 
7% 
16% 
1% 
8% 
4% 
5% 
6% 
10% 
8% 
5% 
1% 
3% 
9% 
Response Ratio (%) 
39% 
39% 
26% 
24% 
17% 
10% 
9% 
8% 
6% 
6% 
3% 
3% 
3% 
2% 
2% 
2% 
Other responses (1% each) included: Allibre , Visio and Omni-Graffle for technical drawings, Vizard Real time authoring 
software, REvit PowerCAD, Vector-Works, Concepts Unlimited, Turbo-CAD, Key-Creator 6 (formerly Cad-key), Coral draw, 
Visio , Iron-CAD and Maxwell Render. 
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Appendix 9.3h - What CAD packages would you prefer to use (now or in the near 
future)? 
Responses No. of Respondents Response Ratio (%) 
Solidworks 42 11 40% 
~================ 
3D Studio MAX 32 30% 
Pro/ENGINEER (Any Version) 25 24% 
AutoCAD 21 20% 
Rhino 21 20% 
Alias PLE 12 11 % 
CATIA 13 
UGS Solid Edge 11 
Autodesk Inventor 8 11 8% 
Ideas 4 11 4% 
Allibre 3 11 3% 
Deskartes CAD 11 1% 
Other responses (1% each) included: Looking to use Quest 3D in future for real time simulation work, PowerCAD, 
MicroStation V8 XM, ArchiCAD, VectorWorks, USM2 CAD/CAM, Photoshop and Illustrator or similar 20 packages, Uni-
graphics NX3, Maya and Revit. 
dix 9.3i - Hardware and 
Hardware & General Features 
Ability to use multiple input devices at the same time e.g. 
mouse & 3D navigator. 
Ability to use a touch screen. 
Ability to use graphics tablet and stylus. 
Ability to assign keyboard shortcut keys e.g. users can 
access different menus directly with a touch of a key. 
Ability to assign different functions to input devices, e.g . 
scroll wheel could zoom or switch views 
Ability to use 'normal' computers as opposed to high end 
workstations. 
Development of wireless input devices. 
Ability to import 3D scanning data. 
Ability to use tactile displays (users can feel texture). 
Ability to use haptic (force feedback) devices (users can feel 
shape and some texture) e.g. Sensable's PHANTOM®, 
Immersion's CyberGrasp TM . 
Abil ity to use 3D stereoscopic displays with glasses (where 
the image appears to come out of the screen) 
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ix 9.3i - Hardware and 
Hardware & General Features 
Ability to use auto-stereoscopic displays e.g. 3D view as 
above but without glasses. 
Ability to use Augmented Displays (glasses that overlay a 
virtual product into the real world) . 
Ability to use 3D holographic displays - floating images. 
Ability to use eye, head or body tracking hardware & 
software. 
Modular Software: Ability to 'add-on ' or remove modules as 
required such as Engineering or ergonomics modules. 
- User interface features 
User Interface Features 
Ability to export I view rendered photo-realistic 20 images. 
Ability to view photo-realistic models on screen dynamically. 
Abil ity to view an assembly I exploded model. 
Ability to view pre-defined on-screen views (top, side, front, 
perspective, etc) 
Ability to create and view animations . 
360· 3D view of model on-screen - can view model at any angle. 
No delay between moving the mouse and movement on the display. 
Multiple view ports: e.g. multiple views at once, screen can be divided 
between the views. 
Ability to put product in context with backgrounds. 
Ability to add a visible scale to show model size. 
Model History - ability to undo or go back to previous versions of the 
model. 
Ability to import I export wide range of CAD formats e.g. stl , 3ds etc 
Different levels of interface for evaluators: e.g. simple interface for 
beginners, a more complex interface for advanced users. 
User can interact with model: e.g . users operate switches and the 
model then simulates what would happen. 
Ability to add sound(s) that can be activated when model is operated 
virtually or to add sounds to animations. 
On screen controls: e.g . zoom and rotational controls appear on screen 
as buttons. 
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- User interface features 
User Interface Features 
User can evaluate multiple design versions (can vary concept e.g. 
colour or other features) . 
User can evaluate multiple design versions (can vary concept e.g. 
colour or other features) . 
Users can change concepts in real time: e.g. can change features on a 
concept which update the main model 'live'. 
Ability to view relevant ergonomics data on screen (including 
ergonomic analysis, hand size etc). 
Ability to view engineering analysis data (e.g. CFD, FEA) . 
Ability to view manufacturing information (methods and materials). 
Layered views (overlays): e.g. levels of information can be toggled e.g. 
overlaying ergonomic data onto a hand tool. 
Ability to highlight key features e.g. designer can highlight features and 
add text to describe a feature which can be viewed by the consumer. 
Design program uses artificial intelligence where program 'suggests' 
best practice for you , e.g . layout of car interior. 
ndix 9.3k - Information 
Information Gathering Features 
Evaluation of the product led by designer. 
Evaluation of the product led by consumer. 
Tutorials and wizards to help evaluator learn the package. 
Ability to video conference. 
Ability to export for rapid prototyping e.g. 3D printing, .stl etc. 
Ability to export Ilog various design changes and variations. 
Online collaboration 1 evaluation between groups of users. 
Group evaluation: e.g. multiple users evaluating product 
simultaneously. 
Ability to alter user interface depending on user's 
experience , age & other preferences. 
Database of pre-determined questions to ask to consumers 
sorted into categories including form , function etc. 
Consumer's answers recorded in a database which can be 
analysed and collated into a report. 
Questions displayed on screen with model. e .g. user's can 
answer questions as well as looking at the model. 
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Appendix 9.31 - Any additional features that you would want to include in future 
evaluation tools (please state? 
, Respondent 
3 
13 
14 
22 
27 
31 
38 
Answer 
The ability to share / view information in a cOllaborative environment. The ability to view objects in their 
surroundings - perhaps augmented reality is the way forward for this? 
A rendering system using modern shaders to give life like textures, effects and colours. Support for 
multiple capture devices, 2D and 3D e.g. Immersion 3D modellers, Wacom 20 digitising tablets (not sure 
if these are still in production but given as an example of device). 
Integrated Conjoint Analysis tool (side-by-side comparison of two variants), users can score how they 
prefer one over the other. Each variant both 3D-view & descriptive text 016 engine). 
Easier building of assemblies by building in place. I.e. not building parts separately and then assembling 
them but building in place. 
CALCULATING FITS. 
Better teaching tools no matter how good the existing tools are. Most tutorials assume some expertise in 
the program. Need to select your own level of expertise & start from there. 
ROHS /WEEE / Environmental Burden Analysis Perspective control, esp. unrealistic vertical distortion 
seen on many models when rendered. 
I Ambidexterity more intuitive interfaces (Mac type etc). 
~===~ 
I Optimised speed of rendering and real time if animation is offered. Fully cross platform (Yes, Macs as 
39 
40 
· well). 
I~=====: 
I Maybe a "full screen" option so the design idea takes precedence over anything else on the screen, apart 41 · from the main controls for zooming and rotating etc. ~===~ 
44 11 Reliability. 
~================================~I 
46 I Ability to interact between different software packages. 
51 kg load. Ability to send basic model on em ail that can be opened on any computer, e.g. along the lines of D Product safety decisions, dated with reasons for traceability. E.g. this catch should collapse only over X .pdf. Non editable but could rotated/zoomed to some degree. Maybe required software could be part of file (i.e. no need to install). I 55 I The ideal is input via an electronic drawing board. 
I 63 I Let consumer scribble comments on the virtual product predefined libraries to speed up technical design. 
I 65 I Animation of manufacturing processes (e.g. addition of surface coating/anodising etc.). 
84 
Ability to sketch by hand and quickly convert to 3D and then continue sketching to add features to the 
model. Just a thought, but the most powerful evaluation is when you can show someone something quite 
realistic and then quickly sketch what you are talking about to verify what they are saying to you ("did you 
mean this?"). Which is also a good way to capture the feedback for later design revision (often better than 
words). The faster the ability to change the model in front of someone the better. 
~===~ 
1
30 Holographic design & modelling is a must, with the facility to switch between simple to detailed tools 
· for creating geometry & the ability to sculpt freehand in a design context. 
~====~ 
85 
I Costings, ability to add packaging to create a virtual experience from purchase to use. 
~====~ 
90 
97 
Simple, quick tools for adding movemenUinteraction & simple material properties (such as elasticity or 
friction) to parts of an assembly during the modelling phase to assist the designer with assessing different 
options at an early stage. Compatibility with a digital notebook or PDA to allow sketches, ideas & notes 
created by the designer when away from a computer to be added to the model quickly and easily. Easy 
control, tracking and organisation of part versions and changes to the BOM, particularly where CAD 
developed and supplied by other companies is being used in a large assembly - e.g. a vehicle. 
~===~ 
100 Simple, easy to use, universal online program. 
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Appendix 9.3m - Are there any features that you definitely would not want to include in 
future virtual evaluation tools (please state)? 
A 
Respondent Answer 
3 Wouldn't want the AI to completely take over the design process. Any software / platform etc. still 
needs to retain the 'designer-centric' approach. 
6 Virtual evaluation is schematic In product Design ... suitable for movies, architecture etc. 
;=========: 
8 Automated response that generates spam email. 
20 Computer implementing changes automatically. 
38 Limited undo's. 
44 
65 
70 
84 
~====~ 
85 
Too many programmable buttons, experience with space mouse was too many buttons, 
unreliable, and just as easy to use keyboard shortcuts i.e. ctrl, shift etc. 
Flashy graphics / pop-ups / any distraction from 'real engineering'. 
My feeling is that it is believed that much of the evaluation tools listed here are already a little out 
dated form, function - what is that? I think a better understanding of hedonomanics and the 
emotional response to these points is far more valid. 
1. NO Instability, slowness, or irritation - and particularly no patronising "don't you think you 
should do it this way" type messages, or worse still really patronising "you should have shut this 
down correctly" XP type messages when the blasted thing crashes yet again. 2. No advertising. 
Applications that try to second guess what you're trying to model and suggest 'the way' based on 
a default or limited understanding of the user/designers requirements. Like the dancing paperclip 
in MS Word. It would be useful for 3D CAD applications to show exactly how products that have 
been designed by well known designers / engineers were modelled, detailing best practice for a 
particular process or modelling technique. 
90 11 Too much information at once. 
I~=====~ 
100 11 Checklists and other tedious methods. 
lease state ? 
Respondent Answer 
2 
3 
6 
14 
1 Ease of use most important factor. Also accessibility for users with impairments. 
1 
Good luck with your study. I will pass this around to my colleagues in our Architecture and Product 
Design Department and also my PG students many of which are part time and so have industry and 
academic experience. Dr. David Heesom (13/3/2007). 
1
30 CAD cannot replace an actual tangible touchy feely model or prototype. The objective should be to 
get there as quickly as possible through 3D. Users/ consumers cannot evaluate 3D images!! Waste of 
time. 
I As I would use the tool only infrequently, I would prefer a web-based service where I can upload . models/descriptions/questions & can send URLs to users - the same as this survey. 
D I think that if a package is to be used for user led evaluation the package should be intuitive and should 15 not require the user to have to leam the program through a tutorial. If the package is designed so there are different levels (beginner/intermediate/expert) then the program should correspond in complexity accordingly. 
I 30 lit would be nice if Autodesk would give it's paying customers a working version of its products & not a · . problematic 'beta' version that the 'guinea pig' customer has to road test! 
1 1 
Product design software (such as Max) is complicated enough in my opinion without trying to add all 
36 kinds of customer analYSis/ergonomics etc. The market for what you're suggesting would probably be 
· . extremely narrow. 
I 44 I Required too much time to get familiar with & set up, I can see the advantages of input devices but the · . price & ease of set up are major factors in convincing me to switch from a system that works for us. 
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A 
Respondent 
55 
65 
68 
75 
lease state ? 
Answer 
IJ:! L01;lghb.orough 
.,Umverslty 
Many of us over the age of 40 who aren't seduced by the technology for its own sake, don't find it 
exciting or sexy, and see it as a necessary tool - nothing more. Because we grew up in an analogue 
world we want nice simple ways of doing things, and that means one way of performing one task or 
command - not fifteen pointlessly duplicated ways! There's a huge untapped market of us Victor 
Meldrew's who miss the easy, human-friendly way things were done before CAD - drafting manually on 
a drawing board had some tremendous advantages you know, despite being Stone Age technology by 
21 st Century standards!! 
]
30 modelling is very static / inflexible at present. I look forward to the time when I can display a model 
of, for example, an auto engine and see the various components (hoses, engine-mounts etc.) flex as 
the model is placed in various load states ... 
] 
Zoom features must not be erratic and easy to control. Would online collaboration be reliant on a single 
piece of software? Sending ideas to users own computer to view is useful, similar to likes of acrobat / 
paint. 
1 
My only experience is using Solid Works and Pro Desktop, and tend more to be used to create physical 
· models e.g. through FDM machine. Rather than focus on using rendering. 
I~===~ 
1 
Yes lots but typically you don't know what you want until you actually try it. Often features which sound 
· good can be actually worse than not having them if they are poorly implemented. 84 
I~===~ 
11 Cost is an important factor. 
I~====~ 
89 
92 
1
I think 3-D designers should rely less on CAD & more on physical modelling, sketching, thinking, 
· decision making. 
I~=======: 
97 
Because you have not speCified what market the tool is to be aimed at, it is easy to imagine all of the 
features and functionality you have mentioned to be highly desirable. The CAD packages you listed at 
the beginning of the survey each have their strengths in certain areas, often where a more 
engineering/analytical (Pro/ENGINEER) or product/visualisation and animation (Alias/Max) market has 
been sought by the developers. If one package or tool in the future is capable of being used in any 
design field for concept, detail, assembly, collaboration, analysis, visualisation, animation, user 
assessment, rapid prototyping/manufacture, CAM, and tooling design for any product, then I would 
certainly would certainly want such diverse features as CFD, real-time photo rendering and haptic 
feedback ... Roll on the future! 
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A uirements of features 
Features 
Hardware & General Features 
Ability to use 'normal' computers as opposed to high end workstations. 
Ability to assign different functions to input devices. 
Ability to assign keyboard shortcut keys. 
Ability to import 3D scanning data. 38/5 
Modular Software: Ability to 'add-on' or remove modules as required. 37/4 
Ability to use 3D holographic displays - floating images. 3214 
Ability to use Augmented Displays. 30/4 
Ability to use auto-stereoscopic displays. 30/4 
Ability to use graphics tablet and stylus. 30/4 
Ability to use eye, head or body tracking hardware & software. 28/4 
Ability to use tactile displays (users can feel texture). 27/4 
Ability to use a touch screen. 27/4 
Ability to use multiple input devices at the same time. 26/4 
Ability to use 3D stereoscopic displays with glasses. 36/3 
Ability to use haptic (force feedback) devices. 29/3 
Development of wireless input devices. 27/3 
Information Gathering Features 
Ability to export for rapid prototyping e.g. 3D printing, .stl etc. 62/5 
Tutorials and wizards to help evaluator lea m the package. 47/5 
Ability to export 1 log various design changes and variations. 46/5 
Evaluation of the product led by consumer. 34/5 
On line collaboration 1 evaluation between groups of users. 45/4 
Evaluation of the product led by designer. 40/4 
Group evaluation: e.g. multiple users evaluating product simultaneously. 37/4 
Ability to alter user interface depending on user's experience, age etc. 34/4 
Consumer's answers recorded in a database which can be analysed. 33/4 
Questions displayed on screen with model. 32/4 
Database of pre-determined questions to ask to consumers. 30/4 
Ability to video conference. 30/4 
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.Umverslty 
1 12 
15 
16 
16 
5 17 
6 28 
7 31 
8 32 
9 33 
10 37 
11 38 
12 38 
13 39 
40 
41 
42 
8 
2 13 
3 14 
4 18 
5 19 
6 22 
7 24 
8 26 
9 27 
10 28 
11 34 
12 35 
A 
Features 
User Interface Features 
3600 3D view of model on-screen - users can view model at any angle. 79/5 
No delay between moving the mouse and movement on the display. 7715 
Ability to import 1 export wide range of CAD formats e.g. st!, 3ds etc 74/5 
Model History - ability to undo or go back to previous versions of the model. 7215 
Ability to view pre-defined on-screen views (top, side, front, perspective, etc) 71/5 
Ability to view an assembly 1 exploded model. 71/5 
Ability to export 1 view rendered photo-realistic 2D images. 70/5 
Ability to view photo-realistic models on screen dynamically. 55/5 
User can evaluate multiple design versions (can vary concept). 51/5 
Users can change features on a concept which update the main model 'live'. 49/5 
I Ability to create and view animations. 48/5 
Layered views (overlays): levels of information can be toggled on/off. 47/5 
Ability to put product in context with backgrounds. 46/5 
User can interact with model: e.g. users operate switches on model. 37/5 
Multiple view ports: e.g. multiple views at once. 34/5 
Ability to view manufacturing information (methods and materials). 44/4 
1 Ability to highlight key features. 43/4 
Ability to view relevant ergonomics data on screen. 43/4 
Ability to add a visible scale to show model size. 38/4 
Ability to view engineering analysis data (e.g. CFD, FEA). 35/4 
Different levels of interface for evaluators. 31/4 
On screen controls: e.g. zoom and rotational controls appear on screen. 31/3-4 
Design program uses artificial intelligence that 'suggests' best practice. 31/4 
Ability to add sound(s) that can be activated when model is operated. 30/3 
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11 
1 
2 
11 
2 
3 
11 
3 
4 I 4 
5 5 
6 6 
7 7 
8 9 
9 10 
10 11 
11 12 
12 13 
13 14 
14 17 
15 18 
16 20 
17 21 
18 21 
19 23 
20 25 
21 29 
22 30 
23 29 
24 36 
A endix 9.5 - Consumer attributes 
Consumer statements Translated statements 
RQ Loughborough 
., University 
Requirement code 
• 1Bl;=7=1=o/c=o o=f=p=art=ja=·p=a=n=ts=h=av=e=u=sed==a=com=p=ut=e=r=at=h=om=e==;;=1=.=Th=e=t=ech=n=0=logy=U=sed==Sh=0=U=Id=be=fa=m=iI=ia=rt=0==i'==Ps=Y=ch=O=log=ica=1 ==;1 ~ and/or at work (63%) (Questionnaire). consumers in order to reduce any psychological discomfort 
discomfort in all age groups (e.g. videos having I~======~I ~ 92% of participants have used a computer at home video controls the same as VCR's). 
and/or at work (67%) (Questionnaire). 2. Hardware and software should be easy and 
8 comfortable to use. B Some participanfs have had previous computer 3. Consumers previous experience and training training (Questionnaire). (which varies) will effect comfort etc. 
~ 79% (78% Study C) of participants use a computer on L.::.J a daily basis (Questionnaire). 
G There was no Significant physiological discomfort Physiological Discomfort is an important fador in B experienced Oimited exposure times only) health and safety of the consumer, and could (Questionnaire). affect user's produd evaluations and ~==================: performance as wen. [j However it was suggested that the PHANTOfv1'l' 1.0 B was 'less comfortable than using a mouse, might cause pressure marks, aching wrisf (Interview). 
Short term comfort 
Experience required 
Long term comfort 
Physiological 
discomfort 
Environment G No thermal discomfort was experienced throughout Thermal and surrounding environment (including I B the study (Questionnaire). glare) must also be comfortable for the consumer. I.l 62.5% of partidpants aged 66+ do not use computers 1. Hardware and software should be simple to 
~ at all (Questionnaire). use, large fonts, clear, condse and easy to use, 
:==================:1 etc. G Older partidpants had problems with operating the 2. Loss of control is could be due to the B mouse and/or keyboard 'the buttons are too small and redudion in grip strength and manual dexterity hard to use, too complex' (Interview). which should be taken into conSideration. G~===============~13. Simple language in questions during Older participants had problems with using middle evaluations is needed; any technical terms will B scroll button or made assumptions over the mouse need explaining. controls (condition 3) (Observation). 4. Controls should be: G:==============~ • Simple, Participants had problems with the complex mouse • Comfortable B controls and menu systems used in ProIENGINEER • Intuitive, Wildfire 2 (Questionnaire). • Easy to use, 
B artidpants sugges a n r ar, conCIse an 8 P .. ted eed fo 'CIe . d • Explained by designer. menus need to be easy to use" (Interview). [J It took longer for older partidpants to read the B questions, considering the question for longer, therefore a simple interface and simple language is needed (Observation). 
I.l Older partidpants found it 'difficult to tell cursor position 
~ visually' (Interview). [J 89% of partidpants use the left and 78% right mouse C buttons with only 58% using the scroll wheel with only a few participants using side buttons (Questionnaire). 
ITJ 66% (58% Study C) of participants wear prescription C glasses; mainly older partidpant age groups (Questionnaire). G 92% of participants were right handed (Questionnaire). 
B 
Some participants had disabilities (18%) that could 
affedthe results (Questionnaire). 
Equipment should allO\N users to wear their 
glasses in comfort. 
Equipment should not be 'right handed' (or left 
handed). 
Consumers may have a wide range of 
'impairments' these should be catered for where 
possible. 
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Silver surfer friendly 
Strength required 
Manual dexterity 
required 
Adjust text & Cursor 
size 
Simple terminology 
Simple user interface 
(hardware and 
software) 
Glasses friendly 
Non 'handed' 
Visually impaired use 
Aurally impaired use 
Physically impaired 
use 
I Variety of view controls I 
A pendix 9.5 - Consumer attributes 
Consumer statements • G;=T=o=ta=l=expo==su=re=tim=. e=t=0=tech=n=0=log=ies=wa=S=22=-3=2m=in=ut=es=i B per evaluation Onduding familiarisation time) (Questionnaire). 
8 Participants in Condition 4 suggested further training B on positioning would have helped (Questionnaire) as participants were 'falling off the object (Observation). 
8 The majority of participants thought that the equipment B was self explanatory to use. Except condition 4 with 76% of participants felt that it was not self explanatory. Ir===; 
B 
NASA TlX was used in the study and provides 
important key attnbutes to consider. 
[] 
Younger participants thought that the image realism 
was less realistic than older participants; this could be 
B due to experienced with computer games and 
graphics (Questionnaire). 
r-;I "Real time photo rendering or real life video would be 
~ better" (Interview) 
B (Questionnaire & Observation). 
~ LO':lghb,orough 
.,Umverslty 
Translated statements 
Consumers may have minimal exposure to these 
technologies, therefore training I familiarisation may 
be needed before evaluations can begin in order to 
Requirement 
code 
Self explanatory 
reduce discomfort and increase performance. 1:=======;1 
If software or hardware is self explanatory to use is 
familiarisation or training required or can the 
consumer lead themselves through the process. 
NASA TlX key attributes should be taken into 
consideration. 
It is important that the virtual model dosely 
represents a real life model, possibly in varying 
levels of detail, photcrrealistic views and 
animations. 
Consumers need to be made aware of any 
adjustments on the equipment or in software (e.g. 
font sizes) before evaluations begin and 
encouraged to use them where necessary. 
Level of expertise 
required 
Leaming curve 
Mental demand 
Frustration 
Effort required 
Physical demand 
Temporal demand I 
Photo realistic 
visualisation 
Representational 
accuracy 
Ability to vary level 
of detail 
Adjustments 
available 
Adjustment 
awareness 
[] 
Generally participants were unsure as to weather there 
were any adjustments available on the equipment 
[] 
The majority of participants did not experience any 
system lag in conditions 1 to 3. 67% of participants in 
:=============================~ 
B condition 4 experienced system lag (younger 
participants which could be due to experience with 
faster systems) (Questionnaire & Interview). [J Younger participants in condition 1 - 3 responded with neutral to positive emotional responses with older B participants with neutral to negative responses (Questionnaire). 
B Questionnaire. D Suggested improvements by participants given in the User Acceptance of Virtual Reality Technologies 
D Participants thought the product was a range of B products proving that the virtual prototype is difficult to put into context and scale without the appropriate vW!w or background (Interview). 
c:J Participants suggested one advantage was the ability B to view the model at all angles (Questionnaire & Interview). 
Models must be viewable in real time (with little or 
no system lag where possible). 
Emotional response to technology and software 
can vary (mainly with age). This is why 
physiological and psychological comfort is 
important 
These suggestions ranged from wireless devices to 
touch screens, some of which have been induded 
as requirements. 
Therefore consumers require a context view or 
background to assign an appropriate function; this 
can also help with product scale. 
Consumers thought it was an advantage to be able 
to view the model at any angle. 
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Real time (design & 
view) 
Emotional response 
Wireless input 
devices 
Touch screen 
On screen controls 
Context view 
Scale 
A endix 9.5 - Consumer attributes 
• 
I 
Consumer statements Translated statements 
B were that participants ' ... need to touch it. feel it. play 1. Ability to touch and feel textures is an 
with it' which is a natural instinct (Questionnaire & advantage over 'normal' computer 
IJ:J. Loughborough 
• University 
Requirement code 
Touch virtual object 
Ability to feel texture O ro""is""a""d""va""n""ta""g""e""s""Of""th""e""eq=u""ip""m""en""t""(e""x""ce""p""t""C""on""d""iti""·o""n ""4)=; rC""o""n""s""um=ers=p""re""fe""r""be""in""g""a""b"" le""to"":==""i Interview). technology. 1:============:1 :===============~12.Abilityto play with the product more 8 Advantages of using the PHANTOM"were that they naturally and intuitively this could be B were able to feel textures (2), and touch the product simulated virtually using animations and (2). interactive features (this could also include a simulated product interface I 
8 Participants liked being able to 'feel' the texture but menu system where required). B need more resistance when touching items and 3. Ability to hold product virtually. elasticity with rubber textures (Interview). 
~ Although can 'feel the texture of the model you cannot 
pick it up and hold it' (Interview). 
01 Forces required to remove hatch (Interview) 
[J It was not obvious how to remove hatch and batteries B (some sort of more natural opening system or tag to activate the animations) (Interview) 
8 Participants in condition 4 suggested a range of B disadvantages including no animations or backgrounds (Interview). 
8 When there are no animations; participants cannot B judge what movements or other features a product might make (Interview). 
Product animations where required are 
important to give a realistic 
representation of the model 
8 Another advantage was that it would be easy to create Ability to create multiple versions for B different versions and multiple designs and evaluate simultaneous evaluation which could them (Interview). then be updated in real time. ~====================~ 8 Another participant suggested if you could 'change B things on the moder this would be an advantage (Interview). 
8 Another advantage is the designer can get lot more B evaluations, worldwide & quickly via the intemet (Interview). 
B 
Participants suggested further improvements during 
the interviews these included: 
Ability to touch and drag to actually rotate product 
(using a mouse or similar device), sound, highlight key 
features, buttons and icons on screen to control model, 
actually be able to press the buttons to operate the 
model, exploded and section views. Could also use 
text boxes with information to highlight key points 
(Interview). 
[J Some participants suggested that they can B 'understand 3d on screen but perspective and exploded views would help' (Interview). 
Participants wanted to know a range of additional 
information from selling price to cost of replacement 
parts (Interview). 
Ability to view models and evaluate 
them via the intemel 
Some of these suggested 
improvements have been included in 
the requirements; some have already 
been included earlier. 
Not only perspective views bUt preset 
front side etc views would also be 
beneficial to consumers. 
Weather additional information is given 
to the consumer during evaluations is 
up to the designer as this might affect 
the evaluation results. 
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Hold virtual object 
Simulate realistic forces 
Virtual elasticity & animation 
Interactive model 
Product animations 
Consumer 
design variation 
Intemet based evaluation 
Vtf!!N control 
(mouse) 
Add realistic sounds 
Highlight key product features 
On screen controls 
Smooth zoom function 
Exploded views 
Interactive model 
Add packaging view 
Standard views 
Wireframe view 
Highlight key product features 
A endix 9.6 - Desi ner attributes 
Consumer statements Translated statements 
~ Loughborough 
., University 
Requirement code 
• [J ;=s==o==m==e==p==a==rti==,c==iP==an==ts==u==s==ed=th==e==k==eyb=o==arct=in=st=e=ad=of===;;=K=e=ybo=a=rct=sh=O=rt=cuts=&=co=n=tro=l=s=Sh=O=U=Id=be===;;===Ke=ybo=a=rct=co=n=tro=Is==;1 B mouse to control the model (Observation). available to those who wish to use them. Variety of view controls 
~ The majority of consultancies develop a large range of 
products (Questionnaire). 
D Consultancies currently have access to a maximum A computer specification of an Athlon 64 or Inters Dual Core-2 Duo's (3.4GHz) processors etc (Questionnaire). 
D The majority of consultancies use SorlClworks (61 %) with fewer consultancies had access to 'freer' A packages such as 3D Studio MAX (26%) (Questionnaire). 
~ Some designer's preferred to have a range of 'design 
tools'to hand (Questionnaire). 
c:J Consultancies tended to evaluate their concepts A continuously throughout their design process (64.5%) (Questionnaire). 
A 
Consultancies responded that they use ergonomic 
evaluations (61%), user trials (58%), consumer 
interviews (48%) and product questionnaires (42%), 
more engineering based methods such as the house 
of quality were used to a lesser degree. More 
intensive methods such as focus groups and task 
analysis and just chatting to users were also popular 
evaluation methods (Questionnaire). 
c:J The majority of consuttancies use more than one A method of consumer product evaluation (Questionnaire). 
Therefore any system needs to be fleXible in 
its design methods. 
The majority of designers currently only have 
access to high-end commercial work backed 
PC's, therefore equipment should be able to 
be run on a 'normal' to high end PC. 
Although designers like a wide range of 
design tools they also don't want a cluttered 
program, so different functions should be 
sectioned into different parts of a program. 
Ability to evaluate the concept at any stage. 
Ability to employ a varied selection of product 
or concept evaluation and analysis methods 
including: 
• Ergonomic Analysis 
• User Trials 
• Consumer Interviews 
Questionnaires 
• Focus Groups 
• Task Analysis 
• QFD 
• Etc .... 
~ Few consultancies (10%) use Apple Macintoshes Although few consultancies use Mac's, they 
(Questionnaire). do use a wider variety of platforms (e.g. 
~===============~I WindowsXP, VISta or Linux) Q Suggested feature was: Fully cross software packages 
Flexible design tools 
Usable on a 'normal' 
computer 
Modular installation 
FleXible design tools 
Evaluation at any time 
Ergonomic analysis 
Subjective evaluations 
Engineering analysis 
Varied analysis methods 
Compatibility 
L:J and operating platforms, (Questionnaire). 
~====================;~==========~ 
A 
A 
The majority of consultancies use 3D CAD models 
(90%) and on-screen photo renderings (87%), rapid 
prototypes (77%) and product animations (61 %) for 
evaluating concepts (Questionnaire). 
Designers clearly ranked that a product in use 
(context) view as the most important view followed by 
3D 360° view, product animations and photo realistic 
renderings, the least important technology are key 
product features and sound (Questionnaire). 
Ability to output the following: 
• 3D CAD models, 
• On-screen photo renderings, 
• Rapid prototypes, 
• Product animations, 
A variety of views to allow designers and 
consumers to evaluate products are 
important 
• Context View, 
• 3D 360° View, 
• Product Animations, 
• Photo Renderings, 
• Highlight Key Product Features. 
• Add Realistic Sounds 
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3D CAD models 
Photo renderings 
Product animations 
RP output 
Context view 
3D 360° view 
Product animations 
Photo renderings 
Highlight key product 
features 
Add rearlStic sounds 
Variety of views 
A endix 9.6 - Desi ner attributes 
Consumer statements Translated statements 
Ig Loughborough 
.., University 
Requirement 
code • c:J ;=c=o=s=tin=g=fo=r=e=v=al=ua=ti=on=d=e=pe=nd=s=o=n=th=e=p=rod=U=c:t,===i;=c=o=st=O=f=th=e=p=rog=ram=,=lice=nce=s=, tra=in=in=g=costs==,===; A complexity & dient Some allow approx. 10-15% of maintenance of the software and hardware is an the budget or 5-10 hrs a week (Questionnaire). important factor. Total rost of ownership 
c:J Consultancies and designers have varied focuses for Ability to cater for the variety of evaluation foaJses, A their evaluations from a customer centred approach to from marketing, throughout the product life cycle a marketing foaJs. analysis, disposal ete. Varied evaluation methods 
[] 
Consultancies want to gain a verification of product 
A acceptability, functional analysis, observations to 
aesthetics, romfort, value, price from evaluations 
(Questionnaire). 
D Consultancies responded with a variety of suggestions most want an interactive, quick, easy to A use, ronfigurable and adaptable, intemet based software tool. 
A 
Consultancies also responded with the ability to view 
in a situational rontext and to rerord data that 
designer's can understand. 
Designers need to rolled and rerord a wide variety I Capture responses I 
of data from aesthetics, to cost value data during an 1 :=========:1 
evaluation ete. Wide range of 
attributes evaluated 
Consultancies and their designers want a quick, Intemet based 
easy to use, ronfigurable, adaptable, intemet based evaluation 
evaluation program. 1:=========:1 
Easy to use I 
1. Ability to view product in a situation rontext, 
2. Rerord and display data that designers can 
understand. 
Configurable U.I. I 
Context view I 
Capture responses 1 
Graphical data 
representation 
EJ Cost and ease of setup are major factors The author also had problems with some of the Ease of installation D (2) (Respondent 89, 44) (Questionnaire). complex setup procedures; cost is also an important & setup factor for any business. I:======~ I Cost 
D (2) multiple capture devices, 2D and 3D (Questionnaire). feedback into the virtual design cycle. . EJ Suggested feature by designers was: Support for Support for 2D 13D scanning is important to allow 12D capture devices 13D capture devices I~===~~==============================~~==============================~ 
A 
Consultancies also responded with more specific 
solutions such as "a 3D model that dients can 
manipulate", 
~ "3d cad excellent for roncept then FEA - physical L..:..J prototype for final evaluation". 
~ "Feel, weight ete. are better demonstrated in a U detailed, full size modeVprototype" (Questionnaire). 
I:-l "The more rearlStic the evaluation the better, within the U;_ro""" 
It would be good if it rould ask them questions at the 
right time, plus capture both their answers/replies to 
the questions, and also physical responses difficulties 
A when interacting with the product (assuming ifs a 
virtual prototype). 
Ability to manipulate 3D models, with a 360° V'eN 
with the ability to output the data for engineering 
analysis and Rapid Prototyping Output 
Improvement to current systems suggested were a 
more realistic evaluation within the intended rontext. 
Ability to ask questions at the right time, capture 
responses, induding physical responses 
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I Interactive model 
I 3D 360° vif!NI 
Engineering 
analysis 
Manufacturing data 
3D interaction 
devices 
RP output 
Representational 
accuracy 
I Context view 
1 Capture responses I 
Capture physical 
responses 
Questions and 
model vif!NI 
A 
A 
B 
0(1) 
0(1) 
0(1) 
0(1) 
0(1) 
0(1) 
ner attributes 
I 
Consumer statements 
Also to then be able to quickly make notes and 
changes perhaps sketches related to a conversation 
that designer can have with the user" (Questionnaire). 
What consultandes would not want ranged from 
"another matrix, focus groups, complex marketing 
speak or technical issues, engineering drawings, too 
much detair (Questionnaire). 
Consumers would most feel most comfortable using 
condition 3 on a regular basis, followed by condition 2 
then condition 1 and finally condition 4 (Questionnaire). 
Key features designers would want in a product 
evaluation tool were the ability to import I export a 
range of formats, e.g. pictures, video, sound, with clear 
visual representation (Questionnaire). 
That can be structured by time, by experiment, by 
input, by format and include the creation of suitable 
question rating scales or other question formats 
(Questionnaire). 
With the option to apply suitable statistics; produce 
graphs and present results (Questionnaire). 
The program should also have the ability to change 
colours and finishes very quickly I easily and the ability 
to interact with product, to test 'fit' strength of some key 
parts etc (Questionnaire). 
Designers would want a Windows based program, 
with 3D graphical representation ofthe product in 
context including physical feedback that isn't too 
complex. With the ability to disable I enable features 
so unused features can be hidden or not installed to 
keep clutter down (Questionnaire). 
Designers would also want a presentation system that 
allows pictures, video, sound to be presented 
alongside questions that is fleXible yet simple to use. 
With a statistical side for paired comparisons and 
multiple product comparison and a simple user 
interface that is easy to understand by naIve users I 
evaluators (Questionnaire). 
~ Loughborough 
., University 
Translated statements 
Ability to make virtual notes and real time changes 
to the model during the design process. 
Designers as well as consumers want a simple 
easy to use program with easy methods and simple 
terminology with concise model information, so the 
model is not cluttered at anyone time. 
Long term comfort is also important although this is 
more a designer requirement as consumer 
exposure is likely to be limited. 
Ability to import I export and display a range of 
formats with an clear and accurate representation. 
Ability to structure the results as required and create 
sets of questions. 
Ability to apply statistical analysis where required 
and produce graphical data representing the 
results. 
Ability to vary desig ns quickly and easily, using an 
interactive model and test the model when required. 
Ability to use the program using Windows, with 3D 
graphical representation of the product in context 
including physical feedback. With the ability to 
disable I enable features so unused features can be I 
hidden or not installed to keep clutter down. 
A simple presentation system that allows graphical 
representation of the statistics alongside model 
views for paired comparisons that can be used by 
naIve users unaided. 
Requirement 
code 
Virtual notes 
Capture sketch 
feedback 
Real time changes 
Designerly 
evaluation method 
Simple terminology 
Concise model 
information 
Long term comfort 
Import I export wide 
range of formats 
Representational 
accuracy 
Structure results 
Create question 
sets 
Apply statistics to 
data 
Graphical data 
representation 
Multiple design 
variations 
Interactive model 
Windows based 
design 
3D 360° view 
Context view 
~isable I enable 
features 
Modular installation 
Question & model 
view 
Apply statistics to 
data 
Multiple product 
comparisons 
Simple user 
interface 
NaIve use unaided I 
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A endix 9.6 - Desi ner attributes 
. -r===============================~r===============================~ir=========~ 
D(1) 
D(1) 
D(1) 
D(2) 
The information designers would want from the 
consumer ranged from statistical test results, to simple 
graphs, tables, percentages or written or spoken 
feedback to objective information on specific product 
features, possibly via Likert scale responses or ranked 
choices of products, finishes etc. Which can then be 
imported into Word, Excel or Nvivo (Questionnaire). 
Designers suggested the main disadvantages of their 
existing software were steep 1 long learning curve, no 
history tree. Output not ideal for rapid manipulation of 
prototypes and poor visualising ability, so respondents 
import models into a secondary program such as 3D 
Studio Max (Questionnaire). 
Designers would want better visualisation abilities, 
memory management (with the ability to cope with 
large files) in Rhinoceros. Optimised speed of 
rendering and real time animation if needed 
(Questionnaire). 
Designers suggested some add~ional features: A 
reliable, more intu~ive simple to use interface, possible 
universal online. 
r-;;;l Accessibility for users with impairments (Respondent L.:J 2), (Questionnaire). 
D(2) 
Designers wanted improvements of tutorials, ability to 
seled level of expertise. 
Information designers would want ranged from 
recorded feedback to graphical representation of the 
statistical data which can be exported to other 
programs On particular office programs). 
These disadvantages have been taken into 
consideration and translated into these requirements: 
• Easy Leaming Curve, 
• History Tree, 
• Ability to perform rapid changes to 
prototypes, 
• Rea listic VlSua lisation 
Ability to produce photo realistic visualisations quickly 
and efficiently through optimised rendering and 
memory management 
Add~ional general features induded intu~e and easy 
to use interface, intemet based, configurable to the 
user. 
Software and Hardware should be usable by those 
with impairments. 
Ability to seled level of user's expertise from novice to 
advanced. With interactive and expert tutorials to help 
with leaming. 
Graphical data 
representation 
Capture 
responses 
Export wide 
Range of data 
formats 
Leaming curve 
History tree 
Rapid changes 
to prototypes 
Capture 3D 
model data 
Photo rearlStic 
visualisation 
Photo realistic 
visualisation 
Memory 
management 1 
optimised 
rendering 
Ilntu~e interface I 
I Simple to use I 
Intemet based 
evaluation 
Configurable to 
user 
Impaired use 
Level of 
expertise 
required 
Interactive 
tutorials 
BIt would be useful for 3D CAD applications to show Indusion of expert tutorials to help with learning, best EJ exactly how products that have been designed by well practice. D (2) known designers/engineers were modelled, detailing Expert tutorials best practice for a particular process or modelling techniques (Respondent 85), (Questionnaire). ~========================~~========================~ 
EJ Designers suggested a ''full screen" option so the Full screen option with on screen controls. I Fun screen view I D (2) design idea takes precedence, apart from the controls ..for zooming and rotating etc (Questionnaire). I On screen . controls ~====================~~====================~ 
Designers suggested that product safety decisions 
should be dated with reasons for traceability. E.g. this 
D (2) catch should collapse only over X kg load. 
(Questionnaire). 
Ability to trace safety decisions and apply engineering 
attributes to parts. 
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Assign 
engineering 
attributes 
Design version 
organisation 
A endix 9.6 - Desi ner attributes 
Consumer statements Translated statements 
IJ:! L01;lghb,orough 
..,Umverslty 
Requirement 
code • BrDe=S=ig=ne=rs=su=g=g=es=ted=a=n=a=b=ility=to=se=nd=ba=S=ic=m=od=el=o=n=;rAb=iI=ity=t=o=sh=a=re=d=es=ig=ns=with=·=co=ns=u=m=e=rs=\IIa=. =th=e==; Intemetbased email thatcanbeopenedonanycomputer.e.g .. pelf. intemet, that uses a program that is protected and sharing 0(2) Non editable but could rotatedlzoonned. Maybe self extracting. I~======!I required software could be part of file (i.e. no need to Sharable protected instalQ (Respondent 51) (Questionnaire). evaluation file 
o (2) erratic ~nd ~ust be easy to control (Respondent 68). B Designers suggested a zoom features must not be (Questionnaire). 101 Designers suggested the indusion of predefined 
~ libraries to speed up technical design, (Questionnaire). 
o (2) by buil~ing p.arts in place, with ability to calculate fits B Designers also wanted easier building of assemblies (Questionnaire). 
O Designers also wanted WEEE / Environmental Burden o Analysis, (2) Integrated Conjoint Analysis tool with each variant both 3D-vifm and a little descriptive text (Questionnaire). 
o 
(2) 
Designers also wanted Animation / Simulation of 
manufacturing processes, costings, ability to add 
packaging to create a virtual experience from purchase 
to use (Questionnaire). 
o (2) detailed tools for aeating geometry and the ability to B Designers also wanted 3D Holographic design and modelling, with the facility to switch between simple to sculpt freehand in a product design context (Respondent 85) (Questionnaire). 
El Designers also wanted a simple and quick tool for o (2) adding movementlinteraction and simple material properties (such as elasticity or friction) to parts of an assembly during the modelling phase. (Questionnaire). 
B Designers also wanted some kind of compatibility with a Portable Desktop Assistant (POA) to allow sketches, o (2) ideas and notes aeated by the designer when away from a computer to be added to the model quickly and easily (Questionnaire). 
o (2) organisation of part versions and changes to the BOM, B Designers also wanted easy control, tracking and particularly where CAD developed and supplied by other companies (Respondent 97) (Questionnaire). 
B Designers also wanted the ability to share / vifm o (2) information in a collaborative environment (Questionnaire). . 
0(2) (Questionnaire). R Designers also wanted the ability to view objects in their surroundings - for example augmented reality 
Smooth Zoom Controls also relate to processing 
power and the ability to vifm the product in real 
time. 
Ability to import predefined engineering parts or 
existing products from a library. 
Ability to build parts and assemblies in place and 
analyse the fits, dearance. 
Analysis of the entire product life cycle and the 
ability to utilise the side-by-side comparison of two 
product variants, users can score how they prefer 
one over the other. 
Simulation of manufacturing processes, costings, 
packing and the ability to create a complete virtual 
experience. 
Future technology could provide 3D holographic 
displays with the ability to switch tools quickly and 
provide freehand sculpting. 
~==================~ 
Ability to add and assign material properties that 
affect the interaction and animation details using 
simple tools. 
Smooth zoom 
control 
Real time 
Part/product 
libraries 
Assembly design 
Assembly 
analysis 
Life cycle analysis 
Multiple product 
comparisons 
Manufacturing 
simulation 
Costings 
Add packaging 
Complete virtual 
experience 
3D holographic 
display & design 
I SWitch tools 
I Freehand sculpting I 
Assign material 
properties 
Simple tools 
~======================~~========~J 
Sync sketches, ideas and notes with POA, quickly 
and easily. 
Ability to track, organise and control different 
versions of a design and changes to the Bill Of 
Materials (BOM). 
Ability to share / vifm information in a collaborative 
environment 
Ability to vifm virtual objects in their surroundings 
this could be achieved by aeating a complete 
virtual environment & product or a virtual object 
(real environment) or virtual environment (real 
product). 
POAsync 
Design version 
organisation 
BOM tracking 
Collaborative 
design 
Virtual reality 
Augmented reality 
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I Consumer statements Translated statements Requirement code 1IIIr=================~r==============~ r::l Designers also wanted to let consumer scribble Ability to apply virtual post-it-notes to designs ~ comments on the virtual product (Questionnaire). would be one solution to this requirement 
D (2) convert to 3D. Then continue sketching to add El Designers wanted the ability to sketch by hand, quickly features to the model. The faster the ability to change the model the better. (Respondent 84) (Questionnaire). 
~ Designers would not want Umited undo's (Respondent L:J 38) (Questionnaire). 
El Designers would not want too many programmable D (2) buttons, experience with space mouse was too many buttons, unreliable, and just as easy to use keyboard shortcuts (Respondent 44). (Questionnaire). 
r::l Designers would want a better understanding of the ~ emotional response (Respondent 70), (Questionnaire). 
Ability to sketch by hand and quickly convert to 
3D. 
Ability to provide unlimited undo's, this relates to 
the history tree requirement 
Designers want a simple and easy to use, 
reliable user interface (relates to both hardware 
and software). 
Designers would want some method to 
measure emotional response. 
B Designers would not want too much information at Too much information can cause an overload for once (Respondent 90). consumers & designers. It is important to be D (2) ~(=Q=u=est=io=n=n=ai=re=).==============: able to layer I toggle the information as required (e.g. F.EA separat  to erg nomic information and so on). 
~ Designers would not want checklists and other tedious Designers prefer graphical and more interactive 
Virtual notes 
Virtual sketching 
Real time changes 
Unlimited undo's 
Simple user interface 
Reliable & stable hard 
I software 
Measuring emotional 
response 
Levels of information 
(overlays) 
~======:I 
Interactive evaluation 
methods L:J methods (Respondent 100). (Questionnaire). evaluation methods. 
~==================~~========~I 
0(2) 
3D CAD cannot replace an actual tangible touchy feely 
model or prototype. The objective should be to get 
there as quickly as possible through 3D (Respondent 
6). 
Typically you don' know what you want until you 
actually try it. (Respondent 84) (Questionnaire). 
Designers and consumers want to try a model 
before the production with a quick and efficient 
design process. Inclusion of R.P. and 3d 
scanning will allow quick iteration of physical 
prototypes. 
B I would prefer a web-based service where I can upload Ability to conduct intemet based evaluations o (2) models, descriptions, questions and can send URls to using an intemet based program similar to users (Respondent 14) (Questionnaire). surveyshare.com. ~====================~I B Sending ideas to users own computer to view is useful, o (2) similar to likes of acrobat! paint (Respondent 68) (Questionnaire). 
0(2) 
0(2) 
0(2) 
The package should be intuitive and should not require 
the user to have to leam the program through a Morial. 
If the package is designed so there are different levels 
of user expertise then the program should conespond 
in complexity accordingly 
(Respondent 15) (Questionnaire). 
3D modelling is very static I infleXIble at present I look 
forward to the time when I can display a model of, for 
example, an auto engine and see the various 
components (hoses, engine-mounts etc.) flex as the 
model is placed in various load states (Respondent 
65). (Questionnaire). 
One package or tool in the future should be capable of 
being used in any design field for concept detail, 
assembly, collaboration, analysis, visualisation, 
animation, user assessment, rapid prototyping I 
manufacture, CAM, and tooling design for any product. 
B I would certainly want such diverse features as CFD, 0(2) real-time photo rendering and haptic feedback. .. Roll on the future! (Respondent 97). (Questionnaire). 
Ability to vary user interface according to uses 
experience that should be easy and intuitive to 
use. 
Ability to view an interactive model, with a flexible 
design toolset and process, including product 
animations and perform engineering analysis in 
place with conesponding animations. 
Ability to cope with a diverse section of design 
fields through fleXIble design tools and a 
combined package. 
Ability to apply engineering analysis to the model 
with real time photo rendering and haptic 
feedback. 
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Interactive model 
RP output 
Capture 3D model 
data 
Intemet based 
evaluation I sharing 
Intuitive user interface I 
Easy to use I 
Varying expertise 
levels 
Flexible design tools 
Interactive model 
Product animations 
Engineering analysis 
Flexible design tools 
Combined package 
Collaborative design 
Output to RP 
Real time 
photo rendering 
Ap endix 9.7 - Combined consumer and desi ner attribute bundles 
Primary level 
1 General features 
Comfort 
Training 
Impaired use 
Communication 
Secondary level 
C = Consumer attribute 
D = Designer attnbute Tertiary level attributes 
11 General features 101 Total cost of ownership 
1 Experience required 
1 Mental demand 
C&D 1 Frustration caused 
Psychological 1 Temporal demand discomfort 
1 Effort required 
1 Emotional response 
01 Long term comfort 81 E"';""me,1 
Physiological C&D 1 Physical demand 
discomfort 1 Short term comfort 
01 Long term comfort 
Learning curve 
C&D 
Self explanatory 
Familiarisation & 
training required Level of expertise required 
Interactive tutorials 
o Expert tutorials 81 SI""9Ih ""'";"" 
Silver surfer friendly C&D 1 Manual dexterity required 
1 Adjust text and cursor size 81 v;,,,n, ;mpal",' ",e 
Impaired use C&D 1 Aurally impaired use 
1 Physically impaired use 
Import I export wide range of formats 
Manufacturing data 
Rapid prototyping output 
Graphical data representation 
3D CAD models 
Output D 
Photo renderings 
Product animations 
Apply statistics to data 
Internet based sharing 
Sharable protected evaluation files 
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(H)ardware I 
(S)oftware Issue 
H&S 
H&S 
H&S 
H&S 
H&S 
H&S 
H&S 
H&S 
H&S 
H 
H 
H 
H&S 
H&S 
H&S 
H&S 
S 
H 
H 
S 
H&S 
H&S 
H&S 
S 
S 
S 
S 
S 
S 
S 
S 
H&S 
S 
Ap endix 9.7 - Combined consumer and desi ner attribute bundles 
Primary level Secondary level Tertiary level attributes 
NaIve user use unaided (S) 
Varying expertise levels 
Simple terminology 
C&O Simple U.I. 
I Intuitive U.I. 
Real time (design & view) 
User Interface Reliable & stable platform 
(software) 
Ease of installation & setup 
Modular installation 
Combined package 
0 Windows based design 
I Compatibility 
1 Usable on a 'normal' computer 
I Configurable U.I. 
01 Touch screen 
I Intuitive interface 
I Simple to use 
I Glasses friendly 
User interface design C&D I Non 'handed' 
I Adjustments available 
Adjustment awareness 
Wireless input devices 
User Interface Ease of installation & setup 
(hardware) 
Usable on a 'normal' computer 
Configurable to user 
20 capture devices 
0 
3D capture devices 
3D interaction devices 
3D holographic display 
Virtual reality 
Augmented reality 
POAsync 
Variety of view controls 
User Interface 
Memory management 
functions C&O On screen controls (view control) 
View control (mouse) 
Keyboard controls 
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1 
11 
11 
11 
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S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H&S 
H&S 
S 
H&S 
H&S 
Ap endix 9.7 - Combined consumer and desi ner attribute bundles 
Primary level 
User interface design 
Secondary level 
C = Consumer attnbute 
D = Designer attnbute 
User interface 
functions (design) D 
~ 
User interface 
functions 
(evaluation) 
D 
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Tertiary level attributes 
Flexible design tools 
Simple tools 
Disable I enable features 
Freehand sculpting (3D) 
Virtual sketching (20) 
Capture 3D model data 
3D holographic design 
History tree with undo function 
Real time changes 
Multiple design variations 
Product I part libraries 
Assembly design 
Costings 
Add packaging 
Design version organisation 
BOM tracking 
Assign material properties 
Collaborative design 
Consumer design variation 
Internet based evaluation 
Evaluation at any time 
Designerly evaluation methods 
Varied evaluation methods 
Wide range of attributes evaluated 
Capture responses 
Capture sketch feedback 
I Virtual notes 
I Create question sets 
I Multiple product comparison 
I Measuring emotional response 
I Capture physical responses 
I Structure results 
I Interactive evaluation method 
I.Q L01;lghb.orough 
.,Umverslty 
(H)ardware I 
(S)oftware Issue 
H&S 
H&S 
S 
H&S 
H&S 
H&S 
H&S 
S 
H&S 
S 
S 
S 
S 
S 
S 
S 
S 
H&S 
S 
H&S 
S 
S 
S 
S 
H&S 
H&S 
S 
S 
S 
H&S 
H&S 
S 
H&S 
Ap endix 9.7 - Combined consumer and desi ner attribute bundles 
Primary level Secondary level Tertiary level attributes 
Haptic functions (basic) BI Too", """,I objod C&D 
1 Ability to feel texture 
Haptic BI Hold """,I obj,d 
Haptic functions 
C&D 1 Simulate realistic forces (advanced) 
1 Virtual elasticity & animation 
Ability to vary level of detail 
Add realistic sounds 
C&D 
Photo realistic visualisation 
Model features 
Representational accuracy 
~ Concise model information Assign engineering attributes 01 Scale 
1 Levels of information (overlays) 
1 Variety of views 
1 Context view 
3D 360· view 
Exploded view 
Model views 
C&D Standard views 
Wireframe view 
Product animations 
Model 
Photo renderings 
Add packaging view 
Smooth zoom function 
~ Question & model view Full screen view 
Model interaction 
BI ,"lem_ modO 
C&D 1 Apply realistic forces 
1 Highlight key product features 
01 Complete virtual experience 
1 Varied analysis methods 
1 Subjective evaluations 
1 Ergonomic analysis 
Model analysis D 
1 Engineering analysis 
Manufacturing simulation 
Assembly analysis 
Multiple product comparisons 
Life cycle analysis 
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Issue 
H&S 
H&S 
H&S 
H&S 
H&S 
S 
H&S 
H&S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
H&S 
S 
S 
S 
S 
S 
H&S 
S 
S 
H&S 
S 
S 
S 
S 
S 
Secondary Level Tertiary Level 
Cost Total cost of ownership 
Experience required 
Mental demand 
Frustration caused 
Psychological 
Temporal demand discomfort 
Effort required 
Emotional response 
Long term comfort 
Environment 
Physiological Physical demand 
discomfort 
Short term comfort 
Long term comfort 
Learning curve 
Familiarisation & 
training required Self explanatory 
Level of expertise required 
Touch screen 
Intuitive interface 
Simple to use 
Glasses friendly 
Non 'handed' 
Adjustments available 
Adjustment awareness 
Wireless input devices 
User interlace Ease of installation & setup 
(hardware) 
Usable on a 'normal' computer 
Configurable to user 
20 capture devices 
3D capture devices 
3D interaction devices 
3D holographic display 
Virtual reality 
Augmented reality 
PDA sync 
+ 
1.50 + 
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+ 
+ 
0 
0 0 
0 + 
+ 0 
Secondary Level 
User interface 
Functions (view control) 
Tertiary Level 
Variety of view controls 
Memory management 
On screen controls 
View control (mouse) 
1 _  Loughborough 
., University 
80888 1~======~~K=e=y=b=oa=r=d=c=0=nt=ro=,s=====~:==~00000 0 
88880 + 
User interface 
functions (design) 
Flexible design tools 
~si=mp=le=too=IS======:I~1 =1. ===:2188000 + 
~D=i=sa=b=,e='e=n=a=b='e=f=ea=t=u=re=s===;1~8888888 + 
~F=r=ee=h=a=nd=sc=u=IP=ti=ng=(3=D=)==~1§J0088888 
~V=irt=u=a=1 s=k=et=c=hi=ng=(=2=D=) =~1~8800000 
1~0000000 ~3=D=h=0='o=g=ra=p=h=ic=d=e=si=gn===~I§JDD88D88 Capture 3D model data 
~Re=alt=ime=ch=ang=es====i1~8888D88D8 
1~======~~c=0=II=a=bo=r=at=iv=e=d=e=s=ig=n===~1~88 808 
~c=a=p=tu=r=e=re=s=p=0=ns=e=s====~IB88 
~c=a=p=tu=r=e=s=ke=t=ch=f=e=e=db=a=c=k==~IB80 User interface functions (evaluation) 
Silver surfer friendly 
1~88 ~s=t=re=n=g=th=r=eq=u=i=re=d====~IB88 + 0 Interactive evaluation method 
Manual dex1erity required I§JDD + ~A=d=jU=s=t=te=x=t =an=d=c=u=rs=0=r=s=iz=e=~IB00000 0 
I~======~ Visually impaired use IBDDDDD88'----_-'L-_--', 
~I Au=ral=lyim=p=aire=d u=se====;IB88888888 
1~======~F=Ph=y=s=ic=a'='Y=im=pa=ir=e=d=u=se==~IBDDDDDDDD 
I~TO=U=C=h=v=irt=ua=I=0=bJ='e=ct== ===;1~0000D888 
Impaired use 
Haptic functions (basic) 
Ability to feel tex1ure 1§J000088DD 1:====~i=H=Old=vi=rtu=al o=bje=ct===lIf1.12lIQlIQlIQlIQlIQlO~DIQl 
Haptic functions .~~~~~~ L..:....J ~ 
(advanced) ~s=i=m=u='a=te=r=e=a=lis=ti=c=fo=rc=e=s= ~1§J0000D0880 
1 Virtual elasticity & animation 1~000000080 
I~====:F=I M=an=ufa=ctu=rin=g=da=ta ==~1~000000008 
1 Rapid prototyping output 1~000000008 
~I G=r=ap=h=ica=1 d=a=ta=r=ep=re=s=e=nt=at=io=n==;1~D80000008 Outputs 
1 3D CAD models ~08000000 
1~==T=o=t=al=s==~~======o=v=e=r=al=l=sc=o=r=e~: 000~0~000 
Overall ranking: 
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Secondary Level 
Cost 
Psychological 
discomfort 
Physiological 
discomfort 
Familiarisation & 
training required 
User interface 
functions 
(hardware) 
Tertiary Level 
Total cost of ownership 
Experience requ ired 
Mental demand 
Frustration caused 
Temporal demand 
Effort required 
Emotional response 
Long term comfort 
Environment 
Physical demand 
Short term comfort 
Long term comfort 
Learning curve 
Self explanatory 
Level of expertise required 
Touch screen 
Intuitive interface 
Simple to use 
Glasses friendly 
Non 'handed ' 
Adjustments available 
Adjustment awareness 
I Wireless input devices 
I Ease of installation & setup 
Usable on a 'normal' computer 
Configurable to user 
2D capture devices 
3D capture devices 
3D interaction devices 
3D holographic display 
Virtual reality 
Augmented reality 
PDA sync 
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+ 
+ 
~ Loughborough 
• University 
+ 
+ + 
Ap 
Secondary Level Tertiary Level 
Disable / enable features 
User interface 
Freehand sculpting (3D) 
functions Virtual sketching (20) (design) 
3D holographic design 
Collaborative design 
Ability to vary level of detail 
Add realistic sounds 
Model features 
Photo realistic visual isation 
Representational accuracy 
Strength required 
Silver surfer 
Friendly Manual dexterity required 
Text and cursor size 
Visually impaired use 
Impaired use Aurally impaired use 
Physically impaired use 
1 Graphical data representation 
Output 
130 CAD models 
Photo renderings 
Product animations 
Totals 
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2 
2 
3 0 0 0 
3 + 01- 0 
2 0 0 
3 + 
0 0 
2 0 0 
0} 
01-
• • Loughborough 
• University 
0 
0 
01- 0} 01-
01- 01- 01-
-+ 
01-
23 
1st 
·~ Loughborough 
• University 
ndix 9.10 - Grou C: Generic software classifications matrix 
Secondary Level Tertiary Level 
~==c=o=s=t ==~I~I T=o=ta=l=c=oS=t=o=f 0=w=n=e=rs=h=iP==~1~88~=~~=~~=~ 
:=E=x=p=e=rie=n=c=e=re=q=u=ire=d===~1I 0 . 52 108:===~:==~:==~ 
Psychological 
discomfort 
Mental demand I~OO ~F=r=us=t=ra=ti=on=c=a=u=se=d===~1~08~+=~~=~ 
1~88880 ~E=~=rtr=eq=ui=red======~110 . 52188080r=+~r~r=~r~1 Temporal demand 
I Emotional response 11 0.52108 0 8 
~L=o=n=g=te=rm c=o=m=fo=rt===~1I 0.5218888 + + + 
I~OJOJOJOJOJOJOJ 
I:=P=hy=sic=al =dem=a=nd==~11 0.52188 8 0888 
Environment 
I ~S=ho=rtte=rm=co=mfo=rt=~1~8888888 
:== =====::=Lo=n=g=t=er=m=c=o=m=fo=rt=====:I ~I= 1.=04 18880888 
0.52 88880000 
lL-s=elf=exp=lan=ato=ry= =~OOOOOOOO 
Physiological 
discomfort 
Learning curve 
Familiarisation & le- 1 0.52 1 010000 training required Level of expertise required L...:.....JL...:.....J 
1:==ln=te=r=ac=t=iv=e=tu=to=r=ia=ls==== [ 0.52 [88888r=+=1~=+=lr=+~ + 
1~======~~E=x=pe=rt=t=u=to=ri=al=s===== 1 0.52100000r== =l r=== r===l~==l ~OOOOO 
User interface (software) 
Na"lve user use unaided (S) 
Ii=v=ary=in=g e=xp=ert·=lse=lev=els==I~OOOOO:=[ =- ~[ ~I =-= 100 
~Si=mpl=ete=rm=ino=109y=~[~000000000 
:=S=im=Ple=u=se=r in=te=rfa=ce==~1 1 0.52188000000 
~I=nt=u=iti=ve=us=e=r=i n=te=rf=a=ce==~[[ 0.52 [0008 0000 
:=R=e=a=1 =tim=e=(d=e=si=g=n =&=v=ie=w=)=~[ 1 0.52188008 880 
~R=e=li=a=bl=e=&=s=ta=b=le=p=la=t=fo=rm ~[~88808800 
:=E=a=s=e=o=f i=n=st=a=lIa=ti=on=&=s=et=u=p~I~08080800 
~M=od=ul=ar=in=sta=lIa=tio=n==~1~00008080 
:==co=mb=ine=d p=ack=age ==:[~00000080 
~W=in=d=ow=s ba=s=e=d =de=s=ig=n==~[ [ 0.52 [88888 0 8 + 
:=c=o=m=p=a=ti=bi=lit=y=====~[1 0.52 [88808 + + 
[~88000 1~08800:==0~:=0~- :==0 ~8~+' 
Usable on a 'normal' computer 
Configurable user interface. 
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Secondary Level 
I_Ill Loughborough 
., University 
I~======~~~~~~~~[J[J[J[J[J ~==~~======~~~~ ~~~~[J[J[J[J[J [J[J[J[J[J 
Silver surfer friendly 
Impaired use ~~=+ ~~+ [J[J[J[J[J 
:=o==~~======~~[J[J[J[J[J[J[J[J[J 
Haptic functions ''--=======iB[J[J[J[J[J[J[J[J[J 
~=(bas=iC) ~lp~======~~[J[J[J[J[J[J[J[J[J 
Haptic functions (advanced) 1~====:~[J[J[J[J[J[J[J[J[J ,~====~B[J[J[J[J[J[J 
B[J[J[J[J[J[J 
1:===~i====~~[J[J[J[J[J[J + 
User interface functions (view control) 
User interface functions (design) 
I~====~~[J[J[J[J[J[J + 
,~====~B[J[J[J[J[J~p~~~~~, 
B[J[J[J[J[J 1~====~IB[J[J[J[J[J~~~~~~~1 
,~====~IB[J[J[J[J[J[J[J[J 
IB[J[J[J[J[J[J[J[J I~====~I~[J[J[J[J[J[J[J[J + 
I~====~I~[J[J[J[J[J[J[J[J[J 
,~====~IB[J[J[J[J[J[J[J[J[J 
1~====~IB~~~~~~~~~ IB~~~~~~~~ '~====~IB~~[J[J[J[J[J[J 
,~=====IB[J[J[J[J[J[J[J[J 
1~====:IB[J[J[J[J[J[J[J[J 
1~====:IB[J[J[J[J[J[J[J[J 
,~=====IB[J[J[J[J[J[J[J[J 
B[J[J[J[J[J[J[J[J 
1~====:IB[J[J[J[J[J[J[J[J 
1~===n==ve=r=si=o=n =or=g=a=ni=sa=t=io=n====~F==~~==~~==~i===~[J[J[J~=+~~==~ [J[J[J 
1~======~~~~~~~~[J~_ [J[J[J~:~:~+~1 
BOM tracking 
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Secondary Level 
User interface 
functions 
(evaluation) 
Model features 
• • Loughborough 
• University 
D ,~======~~~~~~~~~DD~-~~D~-D 
8D8D 
D8DDD 
,~==~~~DDDDD888D ,~==~~~88DDDDDDD ,~==~~~88DDD8DDD 0000000~:=~, 
~0000000 0 I~==============~ ~00000 0 '~====~B8D000 0 
~00000 :==========~~00000~1 =o~lol=o~I~I=o~1 
~=~~IB88DDD8DD 
1~00000000 Structure results ~A=b=il=ity=t=o=v=ary=le=v=el=o=f=de=ta=i=1 ~IBD888888D8 
~Ad=dre=ali=stic=sou=nd=s =====:IBDDDD8D8D8 
~P=h=o=to=re=a=lis=ti=C=v=is=ua=li=sa=t=io=n==~IBDD888D8D8 
~R=e=p=re=s=e=n=ta=tio=n=a='=ac=c=u=ra=c=y==~IBDDDD88888 
~c=o=n=C=is=e=m=O=d=e=1 i=nf=o=rm=a=ti=o=n==~1~88888DD + 
:=======~~A=S=S=ig=n=e=n=gi=n=ee=r=in=g=a=tt=rib=u=te=s=~1~D8DD888~==:~===:, ~'n=ter=ac=tive=m=od=e'===~IB88DDDDD:===;:=~, 
Model interaction 
Model analysis 
~A=P=p=,y=r=ea=li=st=ic=fo=r=ce=s=====:I~DDDDDD 
~H=i9=h=1i9=h=tk=e=y=prod=u=ct=fe=a=tu=re=s==~1~88DDD~==:~====::====:~====:I 
I~DDDDD Complete virtual experience ~v=a=r=ie=d=a=na=,=ys=is=m=et=h=od=S===~IBDDDDD~1 =+==!I~I =+~II= =+~I 
~S=u=b=je=c=tiv=e=e=v=a='u=a=tio=n=s===~I~DDDDDDDD 
IBDDDDD8DD i=E=ng=in=ee=rin=g=an=a=lys=iS======~IBDDDDDDD8 + 
Ergonomic analysis 
~M=a=n=u=fa=ct=u=rin=g=s=im=u='a=t=io=n===:I~DDDDDD8D8 
~As=sem=b,y=an=a,y=sis=====:I~DDDDDD8D8 
~M=U='=tiP='e=pr=o=d=uC=t=c=om=pa=r=is=on=s=~1~88DDDDDDD L--Life_cyCle_analy_SiS _----'IBDDDDDD8DD 
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Secondary Level 
Model views 
Output 
Totals 
.~ Loughborough 
• University 
Tertiary Level 
~~ D 
~~~=~~~I Levels of information (overlays) D 
:=~~=~F===:I Variety of views D + + + 
Context view D + 
3D 360· view DDDD 
Exploded view DD DD 
Standard views Ilo.52 IDDDD DDD + 
Wireframeview I~DDDDDDDD 
Product animations 10.52IDDDDDDDD 
Photo renderings 0.52 DDDDDDD 
Add packaging view 0.52 DDDDDDDr---,r---" 
Smooth zoom function 0.52 DDDDDD + + + 
Question & model view 0.52 DDDDDD===========I 
Full screen view 0.52 DDDDDDDDD 
Import I export range of formats 1.04 DDDDDDDDD 
Manufacturing data 1.04 DDDDDDDDD 
Rapid prototyping output 1.55 DDDDDDDDD 
Graphical data representation ~DDDDDDDD + 
3D CAD models 10.52IDDDDDDDD 
Photo renderings ~DDDDDDD 
Productanimations I~DDDDDDD + + 
Apply statistics to data 11 0.52 IDDDDDDD 
~=(~~I Internet based sharing Ilo.52IDDDDDDD + 
Sharable protected files I~DDDDDDD + 
Overall score: 1 -21 6 GGG~G -70 18 
~=====~ Overall ranking: 3rd 2nd 8~~~ 4th 
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Section Two; Designer Virtual F'rototyping Scenarios 
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* ftfieMell"~_ 
Designer Scenario Two 
3D Holographic Design 
• AdvaOOlld wireln5 cybQrtouCtI glove (teKIWO. reatJst;c: model i:l\QfKdon) 
. ~n~Input~('Qkeyboord.~, alc.) 
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• OIfedWlftlle"~lOf'1wilhother ·poQs· eand;.pia)'IfIr;,,,sMmbItIIt: 
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Designer Scenario Three ~b::t~ 
Wireless 3D Workstation 
Description 
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Designer Scenario Four 
Immersive Work Room 
Description 
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Designer Scenario Five ~~"':;""" 
Advanced Wireless Photo-Realistic Virtual Reality 
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* ~icates a requin d ansWtf 
9) Would the over,,1I cost of a vln ua! delsgn & protOlyplng system affect your decilion? * 
Q v" 
O No 
O Oonl K.no¥t 
10) WhJch vlnua l daJign. prototyplng: and .vcluation technology would M your o ... , r.1I pr,feued choice? * 
o Sctnano One Interactive 30 WQfkbmch 
o Scen¥lO Tl'lo 30 HoIogfaphic OU9n 
o Scenario ThfN \Vifl'len Haptic 30 WoriIstatlOll 
o SCflUIriO FO\Ir lmml m.. Womoom 
o Sc.naIlO FNt A.dvanced Wlllless Photo-Rukstic VirtUlI Re.tiy 
o oo...- L ______ =:J 
11) Whal would ba your prefered software option lor a vinual design, prototyplng and avaluado" system? * 
o Combtned P.c:kall' (. 11 P rodllr;t liftcyd' MtNll flTlant Syst l ms) 
o MuIUpIe Specmed Pr::ka9ts It g. ProlENGINEER & 30 Studio Max & Flash e1c) 
o 30 R.oo.ra & FIHfoon Modd,. ('.II 30 Studio Mu). 
o EnginNring SU Id Mode/lltt' & Anatytis SYII.m (I .g PfOJENGlf-lEER & cm, F~ 
o 30 Sculp(!f1g I VO"'t ll.1odell lff (a SI Ffteronn Modtlling PIu. 8.2). 
o Artlfici~ Intelligent Dnign SystVfll (FIiIUft TKhnology) 
0 00 .. 1 I 
12) Would you like to (ompler. the consumer lCenario .... ~IuDtion 85 _II? (pleaH cOrtsider \he COnsumfl" seenllfio, liS III cOll$ume, and not: 11 
designeft) * 
o Yes, I woukIlikt to complete the COOSumtf scenario Muatlcns 
o No. I would mn.r go to !.he fin. add~IONI comments section 
• • Lo~gh,,!>rough 
. Umverslty 
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*~oe.c .... ~td_"'1f 
Section Two: Consumer VirWal Evaluation Scenarios 
Consumer Scenario One 
Integratecl Evaluation Desktop 
Description 
• TypiemoflioeonvilOl\ll'\Cnt 
• Laroeh/gh(\8(l~toueh~wit1b1ChbutlOnleedbadl 
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* iMfUI" ~ 'toqtittd '""'_ 
Consumer Scenario Two 
HolographIc Evaluation 
Description 
• Ad'l~"""cybeOco.Ichglove{CMfHlteXllnwil:h~modeIinlerKbOn) 
. "1lJI!4lIe~~~(og. keyboarU. I\oIo-conIrOke\C_J 
. FIJI~tnDdelcpoulble{wilhinr..son.aI:II."J 
. OpllonatvoieecontrolMldpesturo~ 
• D"'d.w~~!JOnw.thom.rpod •• nd~lrMrnfltloronh 
orcol3bor~"";:duo}:iQns 
. F~~orcons_'-CevIIII.II!IlJoo 
U) ~_Indkaleyour .g. _ _ by1kt.ltlg 0 ... of u.. box" proolo.d lor •• ch "fIlM 10116wI''VIl.llr.menb: * 
..."., 
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1-..o!l'f'/Wloeomplw!. • • Wlu;olproducl ..... IClllOO'IlWjo.on (fillhlrth ..... loed br · dnognt<J 0 
I would p' .... ua __ lOmyfllllM MiII.ollbonmethcd.? 0 
T.ndto TlIIC!to 
"' ...... 
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OK .... 1)'-sI't. 
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*indic_ ~ required .. _ 
Consumer Scenario Three -=~ 
Integrated Augmented Prototyping 
Description 
• Mvltnood......n\e$s Iigt!lWeight .ug~ reait)' 9'1auos (VIrIloIIIImage~on. 
lapidpmtotypedmodel) 
• 3D inlet'Ktlor! ( .. 9' virWlII ween menu. I buIlons) & na....gation viii an acMInced 
wirelMsligtotwei9'hlC)'be~anclotherirlput~ (.g30petI) 
• Ph)'S'CtlllnleradionlhroughuZtr.-faslrepidptglOtyplngmodel$wl'lhproducllOl'l 
ofWtglloOfmu~rnoddIin.fewse<:ond1. 
• K.y featutcs e.n be hlghlighled throI.IghoulllYllluAlion through vI~ oveM)' 
15} PIe ... lodIcaUt 'IOUI' .;r .. rne .... by tkkIng _ of !he bo • ., pl'OYIded lor .. ch of It.. following __ ftlMnl$: * 
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* inokll" '~ _ _ 
Consumer Scenario Four ~  
Advanced Augmented Nano· Tactile Prototyping 
Description 
• Ao:tvancedI;ll'~tedltdis.olay..nlc:tlcan~I'IIlIT1icIlOYtl'la;le.1e1ttl.n 
5 toINtdyof...,. IIWleNIInpn;ldud 
• AugmenIeG teaOty ~lWeIght gleua (0Yef\8y wtualllll8g>e onIO dt$pIlI)') 
such .. cdour~~'ndc:onltOb 
• ModfIIItnd"""'""'_rtty~in"'llrM dependlln!OfIyruchoicu 
. FdlNtboth~8nd~~.~ 
• 0pcI0naI voioa lXII'IIro6il Md Wfeo toYnd ~ 
• Keykatutac:.lbehighligMod~~l,IIII'IQltoewtual __ fs 
16tP\eaw kldlc.tlyo.. ..... fMflI by tldtlllg _ 01 It-. boQ'pn;mcMd lot INCh of the followitog ... .....,tx * 
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I-.k! hi u. se..- COIIIfoII.,.to ...... 0 
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*~." ...... ..s~_ 
Consumer Scenario Five 
Wireless Haptic 3D Worlcstation 
Descrip tion 
• OuaIldvanO'd~~lIbce~~"'owlng)'OUIoNel I.dUf • . 
elMlcilylndfottu~youlorMOld. & ~""proc:ud .. In""""..md 
. "-"'edon.'-ve \OiallrnounHad~~~)(IYOUlovlewClbJ8d.s 
in 30 'IfI'iIhcM ,. need !Of 'PKlII gln~, 
· 00000001nlegt~......oIl*lraCbOrl(aodio.ndYlOooIirIkI"thell'llemcrl) 
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* indicates a required answer 
18) Which virtual evaluation technology would be your overe ll preferred choice? * 
o Scenario One Integrated Evaluation Oesk1op 
o Scenario Two 30 Holographic Evaluation 
o Scenario Three. lntegrated Augmented Pfototyping 
o Scenario Four M.'3nced Nano-Tactile Prototyping 
o Scenario Frve. Wireless Haptic 3D Workstation 
0 01her.C= J 
19} What would be your prefered software option for a virtual prototying and evaluation system? * 
o Combined Package (speciany deisgned to lead you through an evaluation. with all the tOlTed information to 
hond) 
o Multiple Packages (e 9 visual display, ergonomic evaluation. manufacturing data ele ) 
o Intemel Based Virtual Sales Assistant (e.9 EON Sales Assistant. allov.ing you to Ir;ew fires on the internel). 
o 30 Content Sharing Software (e.g_ Adobe Acrobat 30. allowing you to .. iew files al home) 
o Collaborative Package -INhere a group of users evaluate the product simultaneously in a virtual environment 
0 01her. C= ] 
Nexl generation virtual prolotypinV tec hnologies (Pave 14 of 14) 
*~.J~_ 
Section Three: Additional Comments 
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dix 9.12d - OS1: Interactive 30 workbench 
, Statement 
This scenario matches my idea of the next generation of 
virtual prototyping technologies 
I would find this scenario comfortable to use 
I would find this scenario enjoyable to use 28% (11) 
This scenario would require me to undertake training to use 31 % (12) 
This scenario would be configurable to my requirements 21% (8) 
This scenario would allow use by a collaborative design team 44% (17) 
This scenario would aid my creative processes 
This scenario would allow me to use a wide range of 
intuitive design tools (20 sketching, 3D sculpting etc.) 
This scenario would allow me to view the model in a 
variety of ways using a variety of controls 
This scenario would allow me to interact with my designs I 
model as I would in real life (touch, texture, hold, interact) 
This scenario would allow me to analyse my designs using 
a range of methods & aid my evaluation processes 
I would prefer this scenario to my current virtual 26% (10) prototyping & evaluation system 
ix 9.12e - OS2: 30 n 
Statement 
This scenario matches my idea of the next generation of 
virtual prototyping technologies 
I would find this scenario comfortable to use 
I would find this scenario enjoyable to use 25% (10) 
This scenario would require me to undertake training to use 33% (13) 
This scenario would be configurable to my requirements 18% (7) 
This scenario would allow use by a collaborative design team 36% (14) 
This scenario would aid my creative processes 16% (6) 
This scenario would allow me to use a wide range of intuitive 
design tools (20 sketching, 3D sculpting etc.) 
This scenario would allow me to view the model in a variety 
of ways using a variety of controls 
This scenario would allow me to interact with my designs I 
model as I would in real life (touch, texture, hold, interact) 
This scenario would allow me to analyse my designs using a 26% (10) 
range of methods and aid my evaluation processes 
I would prefer this scenario to my current virtual prototyping 26% (10) 
and evaluation system 
-412-
Responses 
33% (13) 36% (14) 
74% (28) 5% (2) 
53% (20) 3% (1) 
61% (23) 11 % (4) 
68% (26) 11 % (4) 
63% (24) 3% (1) 
Responses 
55% (22) 
51% (20) 13% (5) 
56% (22) 26% (10) 
41%(16) 21% (8) 
55% (21) 29% (11) 
53% (20) 21% (8) 
49% (19) 26% (10) 
IJ;! Loughborough 
• University 
0% (0) 39 
0% (0) 39 
0% (0) 39 
0% (0) 38 
0% (0) 39 
0% (0) 39 
0% (0) 39 
0% (0) 38 
8% (3) 38 
0% (0) 38 
8% (3) 38 
39 
3% (1) 38 
2% (1) 40 
3% (1) 39 
0% (0) 39 
3% (1) 39 
0% (0) 38 
3% (1) 39 
0% (0) 39 
8% (3) 39 
0% (0) 38 
0% (0) 39 
IJ! Loughborough 
• University 
9.12f - OS3: Wireless ha 30 workstation 
Statement 
This scenario matches my idea of the next generation of 
virtual prototyping technologies 
I would find this scenario comfortable to use 
I would find this scenario enjoyable to use 
This scenario would require me to undertake training to use 
This scenario would be configurable to my requirements 
This scenario would allow use by a collaborative design team 
This scenario would aid my creative processes 
This scenario would allow me to use a wide range of intuitive 
design tools (20 sketching, 3D sculpting etc.) 
This scenario would allow me to view the model in a variety 
of ways using a variety of controls 
This scenario would allow me to interact with my designs I 
model as I would in real life (touch, texture, hold, interact) 
This scenario would allow me to analyse my designs using a 
range of methods and aid my evaluation processes 
I would prefer this scenario to my current virtual prototyping 
and evaluation system 
A pendix 9.12g - OS4: Immersive workroom 
Appendix 9.129 - OS4: Immersive 
workroom 
Statement 
This scenario matches my idea of the next generation of 
virtual prototyping technologies 
I would find this scenario comfortable to use 
I would find this scenario enjoyable to use 
This scenario would require me to undertake training to use 
This scenario would be configurable to my requirements 
This scenario would allow use by a collaborative design team 
This scenario would aid my creative processes 
This scenario would allow me to use a wide range of intuitive 
design tools (20 sketching, 3D sculpting etc.) 
This scenario would allow me to view the model in a variety 
of ways using a variety of controls . 
This scenario would allow me to interact with my designs I 
model as I would in real life (touch, texture, hold, interact) 
This scenario would allow me to analyse my designs using a 
range of methods and aid my evaluation processes 
28% (11) 
32% (12) 
36% (14) 
18% (7) 
20% (8) 
28% (11) 
26% (10) 
18% (7) 
28% (11) 
36% (14) 
26% (10) 
50% (20) 
26% (10) 
24% (9) 
24% (9) 
32% (12) 
31% (12) 
36% (14) 
45% (17) 
46% (18) 
62% (24) 
47% (19) 
54% (21) 
38% (15) 
51% (20) 
44% (17) 
46% (18) 
51% (20) 
40% (16) 
54% (21) 
53% (20) 
63% (24) 
39% (15) 
54% (21) 
Responses 
36% (14) 
21% (8) 
15% (6) 
21% (8) 
30% (12) 
Responses 
~===: 
0% (0) 39 
0% (0) 39 
3% (1) 38 
3% (1) 39 
0% (0) 39 
2% (1) 40 
39 
39 
38 
3% (1) 39 
0% (0) 39 
0% (0) 38 
la. 
~0 
8% (3) " 39 1 
21% (8) 8% (3) 39 1 
15% (6) 3% (1) 39 
21% (8) 1 3% (1) 39 
7% (3) 11 2% (1) 40 
18% (7) " 3% (1) 39 
~~0 
~~0 
~~0 
~~0 
I would prefer this scenario to my current virtual prototyping 28% (11) 41% (16) 
and evaluation system 
~=~ =~ 
L-________________________________ ~~ ____ ~L_ ____ ~L_2_8_%_(_11_)~~0 
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.u.n'''Dndix 9.12h - 055: Advanced wireless hoto-realistic virtual r""!:Ilitv 
Responses 
Statement 
This scenario matches my idea of the next generation of 23% (9) 46% (18) 
virtual prototyping technologies 
I would find this scenario comfortable to use 18% (7) 21% (8) 54% (21) 8% (3) 39 
I would find this scenario enjoyable to use 17% (7) 30% (12) 45% (18) 7% (3) 40 
This scenario would require me to undertake training to use 36% (14) 49% (19) 13% (5) 3% (1) 39 
This scenario would be configurable to my requirements 15% (6) 51% (20) 31% (12) 3% (1) 39 
This scenario would allow use by a collaborative design team 15% (6) 33% (13) 41%(16) 10% (4) 39 
This scenario would aid my creative processes 26% (10) 36% (14) 36% (14) 3% (1) 39 
This scenario would ailow me to use a wide range of 18% (7) 5% (20) 28% (11) 3% (1) intuitive design tools (2D sketching, 3D sculpting etc.) 
This scenario would allow me to view the model in a variety 24% (9) 58% (22) 16% (6) 3% (1) 
of ways using a variety of controls 
This scenario would allow me to interact with my designs I 24% (9) 47% (18) 
model as I would in real life (touch, texture, hold, interact) 
This scenario would allow me to analyse my designs using 26% (10) 
a range of methods and aid my evaluation processes 
I would prefer this scenario to my current virtual prototyping 16% (6) 
and evaluation system 
Appendix 9.12i - Affect of overall cost on decision? 
Responses Number of Respondents Response Ratio 
~=====Y=es======~II~============~~============~ 
11 
38 
11 
95% 
11 No 2.5% 
Don't know 11 11 2.5% 
Appendix 9.12j - Overall designer's preference 
Responses 
DS1: Interactive 3D workbench 
OS2: 3D holographic design 
OS3: Wireless haptiC 3D workstation 
OS4: Immersive workroom 
OS5: Advanced wireless photo-realistic VR 
1 Other responses included: 
I Respondent 3 
I Respondent 21 
1 Respondent 25 
, Number of Respondents Response Ratio 
17 
11 
42% 
7 
11 
17% 
7 
11 
17% 
6 
11 
15% 
0 
11 
0% 
3 
11 
7% 
Virtual will not replace physical- ever. 
I think they all depend!!! I mean, DS5 is good for large objects (e.g. interior 
design), while 2 is good for small ones. 
30 desklworkbench that's holographic is preferred. 
-414-
Appendix 9.12k - Designers preferred software options 
~ Lo'!ghb,orough 
.Umverslty 
Responses Number of Respondents Response Ratio 
1 Multiple specialised packages 13 32% 
1 Combined package 8 20% 
Engineering based modeller & analysis system 8 20% 
I AI design systems 5 12.5% 
130 renderer & freeform modellers 2.5% 
130 sculpting I Voxel modellers 2.5% 
1 Other responses included: 4 10% 
I Respondent 3 Mixture of 3D sculpting and Engineering based. 
I 
Primitives that can be manipulated in front of the designer to build ones 
Respondent 25 design with complex geometry or constraints, something with intelligence to 
_ know when you want tangency etc. 
1 Respondent 26 I Solidworks. 
~==================~ 
LI R_e_s_p_o_nd_e_n_t_6_1 __________ -----l1 An alternate selection of some of the above software's. 
Appendix 9.121 - Would ou like to complete the consumer scenarios as well? 
Responses Number of Respondents 
Response 
Ratio 
l~y=es=,=I=W=O=U=ld=l=ik=e=to==co=m=p=l=et=e=th=e=~==n=s=um==e=rs=ce==n=ar=io=e=v=a=lu=a=ti=0=ns==========~~======9======~I~I =====2=2=%====~1 
11 
No, I would rather go to the final comments section 31 77% 
ndix9.12m-CS1: I rated evaluation 
Responses 
Statement 
This scenario matches my idea of the next generation 16% (5) 0% (0) 31 
of virtual product evaluation technologies 
I would find this scenario comfortable to use 17% (5) 63% (19) 17% (5) 3% (1) 30 
I would find this scenario enjoyable to use 33% (10) 50% (15) 13% (4) 3% (1) 30 
This scenario would require me to undertake training to use 30% (9) 40% (12) 30 
This scenario would be configurable to my 29 
requirements 
This scenario would facilitate evaluation via the intemet 30 
This scenario would allow meto al1alyse virtual 
products using a range of methods and aid my 34% (10) 62% (18) 3% (1) 0% (0) 29 
evaluation processes 
This scenario would allow me to make and view 
changes to a virtual product (e.g. changing colour) in 40% (12) 60% (18) 0% (0) 0%(0) 30 
real time 
This scenario would allow me to view the virtual 40% (12) 57% (17) 3% (1) 30 product in a variety of ways using a variety of controls 
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ndix 9.12m - CS1: Int ... nr~ evaluation n ... 'e:~'·nn 
Responses 
Statement 
This scenario would allow me to interact with a virtual 
product as I would in real life (touch, texture, hold, 23% (7) 57% (17) 13% (4) 
interact) 
I would prefer to complete a virtual product evaluation 13% (4) 63% (19) 23% (7) 
on my own (rather than be led by a designer) 
I would prefer this scenario to my current evaluation 7% (2) 69% (20) 24% (7) 
methods? 
ix 9.12n - CS2: 3D 'n'.r~,nnic evaluation 
Responses 
Statement 
This scenario matches my idea of the next generation of virtual 
product evaluation technologies 
I would find this scenario comfortable to use 
I would find this scenario enjoyable to use 50% (15) 
This scenario would require me to undertake training to use 33% (10) 
This scenario would be configurable to my requirements 
This scenario would facilitate evaluation via the internet 
This scenario would allow me to analyse virtual products using a 
range of methods and aid my evaluation processes 
This scenario would allow me to make and view changes to a 57% (17) 3% (1) 
virtual product (e.g. changing colour) in real time 
This scenario would allow me to view the virtual product in a variety 43% (13) 57% (17) 0% (0) 
of ways using a variety of controls 
This scenario would allow me to interact with a virtual product as I 30% (9) 63% (19) 7% (2) 
would in real life (touch, texture, hold, interact) 
I would prefer to complete a virtual product evaluation on my own 17% (5) 63% (19) 17% (5) (rather than be led by a designer) 
I would prefer this scenario to my current evaluation methods? 33% (10) 50% (15) 13% (4) 
-416-
-.g Loughborough 
.., University 
7% (2) 30 
0% (0) 30 
0% (0) 29 
30 
0% (0) 30 
3% (1) 30 
30 
30 
30 
0% (0) 30 
0% (0) 30 
0% (0) 30 
3% (1) 30 
3% (1) 30 
I 
nted nr,'\tn,tlll'\i 
Statement 
This scenario matches my idea of the next generation of 
virtual product evaluation technologies 
I would find this scenario comfortable to use 
I would find this scenario enjoyable to use 
This scenario would require me to undertake training to use 
This scenario would be configurable to my requirements 
This scenario would facilitate evaluation via the internet 
This scenario would allow me to analyse virtual products 
using a range of methods and aid my evaluation processes 
This scenario would allow me to make and view changes to a 
virtual product (e.g. changing colour) in real time 
This scenario would allow me to view the virtual product in a 
variety of ways using a variety of controls 
This scenario would allow me to interact with a virtual product 
as I would in real life (touch, texture, hold, interact) 
I would prefer to complete a virtual product evaluation on my 
own (rather than be led by a designer) 
I would prefer this scenario to my current evaluation methods? 
.. '. ... 
35%(11) 
17% (5) 
30% (9) 
30% (9) 
10% (3) 
17% (5) 
- CS4: Advanced nano-tactile 
Statement 
This scenario matches my idea of the next generation of virtual 
product evaluation technologies 
I would find this scenario comfortable to use 27% (8) 
I would find this scenario enjoyable to use 33% (10) 
This scenario would require me to undertake training to use 27% (8) 
This scenario would be configurable to my requirements 10% (3) 
This scenario would facilitate evaluation via the internet 
This scenario would allow me to analyse virtual products using 
a range of methods and aid my evaluation processes 
This scenario would allow me to make and view changes to a 
virtual product (e.g. changing colour) in real time 
This scenario would allow me to. view the virtual product in a 
variety of ways using a variety of controls 
This scenario would allow me to interact with a virtual product 33% (10) 
as I would in real life (touch, texture, hold, interact) 
I would prefer to complete a virtual product evaluation on my 23% (7) 
own (rather than be led by a designer) 
I would prefer this scenario to my current evaluation methods? 24% (7) 
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40% (12) 
40% (12) 
40% (12) 
63% (19) 
47% (14) 
32% (10) 
I 43% (13) 
43% (13) 
40% (12) 
67% (20) 
60% (18) 
60% (18) 
59% (17) 
Responses 
43% (13) 
27% (8) 
27% (8) 
23% (7) 
30% (9) 
Responses 
19% (6) 
30% (9) 
23% (7) 
30% (9) 
23% (7) 
7% (2) 
~ Loughborough 
• University 
0% (0) 30 
3% (1) 30 
3% (1) 30 
3% (1) 30 
7% (2) 30 
0% (0) 30 
0% (0) 30 
0% (0) 30 
0% (0) 30 
7% (2) 30 
3% (1) 30 
6%(2) 31 
0% (0) 30 
0% (0) 30 
3% (1) 30 
0% (0) 30 
30 
30 
30 
0% (0) 30 
0% (0) 30 
30 
29 
- CS5: Wireless 3D workstation 
Statement 
This scenario matches my idea of the next generation of 
virtual product evaluation technologies 
I would find this scenario comfortable to use 
I would find this scenario enjoyable to use 
This scenario would require me to undertake training to use 
This scenario would be configurable to my requirements 
This scenario would facilitate evaluation via the internet 
This scenario would allow me to analyse virtual products 
using a range of methods and aid my evaluation processes 
This scenario would allow me to make and view changes to a 
virtual product (e.g. changing colour) in real time 
This scenario would allow me to view the virtual product in a 
variety of ways using a variety of controls 
This scenario would allow me to interact with a virtual product 
as I would in real life (touch, texture, hold, interact) 
I would prefer to complete a virtual product evaluation on my 
own (rather than be led by a designer) 
I would prefer this scenario to my current evaluation 
methods? 
30% (9) 
23% (7) 
13% (4) 
13% (4) 
23% (7) 
37% (11) 
33% (10) 
27% (8) 
A endix 9.12r - Consumers overall referred choice 
Responses Number of Respondents 
CS2: 3D holographic evaluation 11 8 
CS5: Wireless haptic 3D workstation 11 7 
CS1: Integrated evaluation desktop " 6 
5 
67% (20) 
11 
" I 
CS4: Advanced nano-tactile prototyping " 
~====================~ 
CS3: Integrated augmented prototyping 4 
Other responses included: 
Responses 
20% (6) 
13% (4) 
27% (8) 
13% (4) 
I(g Loughborough 
• University 
0% (0) 30 
0% (0) 30 
3% (1) 30 
0% (0) 30 
30 
30 
30 
30 
30 
30 
30 
Response Ratio 
26% 
23% 
19% 
16% 
13% 
3% 
Respondent 6 
A combination of 2 and 5, portable holographic pod seems very futuristic in 2 and is 
highly portable. Love the facility of manipulation with two hands in 5, but would also 
like another means of input to give added choice, and ease of use, a definite pro is 
the removal of the glassesl face wear. 
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A endix 9.12s - Consumers referred software 0 tion 
Responses Number of Respondents 
Response 
Ratio 
Combined Package (specially designed to lead you through an evaluation, 
with all the correct information to hand). 16 
11 
52% 
Multiple packages (e.g. visual display, ergonomic evaluation, manufacturing 
data etc.). 7 
11 
23% 
Internet based virtual sales assistant (e.g. EON Sales Assistant, allowing you to 
view files on the internet). 3% 
3D content sharing software (e.g. Adobe Acrobat 3D, allowing you to view files 
at home). 5 16% 
Collaborative package: Where a group of users evaluate the product 
simultaneously in a virtual environment. 2 6% 
I Other 
Response 3 
Response 6 
Response 10 
Response 15 
I~==~ 
Response 25 
Response 31 
Response 41 
Response 45 
Response 59 
o 0% 
ners and consumers views 
Response 
... Virtual prototyping will never replace physical. Clients always need to see and feel the object and no 
amount of virtualisation will achieve this . 
••• 1 think it is still necessary to have some actual manual input choice, even just a mouse!reset switch, as I 
can imagine getting quite lost and needing to simply reset. It all seems quite matrix like! 
I have read about plugging straight into the bodies nervier system, feel and touch without the need for 
motors in a glove! This combined with the 3D hologram object would then become close to the real thing. 
Allow you to sculpt to a much better degree of accuracy. But you will never be able to replace the real thing! 
Something which is incredibly intuitive, instantaneous, practical hands on and doesn't require 10 years of 
training and £100,000 of investment! 
A 3D holographic design desk would be preferred, with simplified geometry for model construction and 
sensitivity to form. 
Have you seen the new interactive system that Microsoft has been showing? I first saw it two years ago as 
Siggraph, and it is now approaching general availability. I think the next stage in computer use in the deSign 
process is likely to.grow out of this technology. 
Any of these visual! haptic based technologies would be a significant improvement on the current. 
I'm currently working on a Collaborative DeSign Environment for CFD engineers and found some of the 
ideas interesting. We've discovered that all the engineer! designer wants to see is data on the design -
obviously for designers this will be Slightly different, but I think that this is a key aspect that has been missed 
out. If you could model real time changes and then obtain real time feed back on loads! structures etc and 
then see how that compares to other designs, that would be a benefit. Particularly as the next stage in 
design is to evaluate it and then manufacture - so a collaborative environment would have to include this 
capability. " 
Not sure in what way the consumer would be required to use these systems in future. They would require 
training which sort of defeats the purpose of evaluations by consumers. They should be simple and 
spontaneous to use tapping into the natural way the product should be used 
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Ap endix 9.12u - Additional comments 
Respondent 
Response 3 
Response 10 
Response 12 
Response 21 
Response 
The one factor that has not been considered in any of these is mobility .... . many design teams are made up 
of individuals based in different locations sharing via the web. I feel the future will be an evolution of what 
we already have - better interfaces and modelling tools (haptic modelling maybe). Physical space will 
always be critical.. 
You will never be able to recreate an actual physical object, but this will help during the design process, 
and selling the ideas to your clients, before moving into time consuming and costly physical rigs and 
prototypes. Plus this new technology opens up all new areas for use not just in the design industry .. .. 
exciting times! 
Sadly, designers demand the right to re-invent the wheel - often ignoring prior art & rules of physics in the 
misguided belief that their design is 'radically new' etc. Enormous savings in time & cost are available if 
fundamental ru les (e.g. Rule 9.81) and established wisdom can be captured & utilised in guiding new 
design. These can be basic/obvious (don't push on a piece of string) or process-specific (moulding 
pressures and tool wear increase dramatically for glass-filled nylons in excess of 15-20%). Many 'future 
scenarios' concentrate on creative freedom but ignore the lessons of history: a 'balanced' approach allows 
freedom of form within rule-driven bounds, thus capturing hard-won knowledge & using it to guide & add 
value to future design. 
I think the various design's are all good and a big improvement over my current system. However, the 
costs of these will be so high that I wonder how it can be affordable outside all the largest design studios. 
Also, the technologies are not mutually exclusive ; I can imagine using a variety of the tools. 
I Response 23 I Love the idea of the holographic design, very futuristic!! ! 
I:====~ 
Response 25 
Response 41 
Response 45 
Go with what's in your heart rather than listening to the dominate view, do what really excites you and 
gee's you up with positive energy. Any new technology needs to become indispensable if it's to be 
successful. W ishing you much success with you research . 
I work with predictive engineering based tools - texture and feel is not critical , but the ability to build 
models quickly and intuitively is vital , and would be improved with ability to interact in 3D with the model. 
To be able to check 'feel' of systems like door handles etc. would be a huge step forward . 
It was pretty difficult to answer the questions as without seeing and using the technologies, you can't know 
if they'd be better or worse! It would be interesting to see your results anyhow and if you email me I'll see 
what I can send you . 
Appendix 9.13 - Scenario evaluation graphs 
Appendix 9.13a - This scenario matches my idea of the next generation of virtual 
product evaluation technologies (rank order) 
e 50 
o 
" en 40 
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Appendix 9.13b -I would find this scenario comfortable to use (rank order) 
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Scenarios 
Appendix 9.13c -I would find this scenario enjoyable to use (rank order) 
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Appendix 9.13d - This scenario would require me to undertake training to use (rank 
order) 
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Appendix 9.13e - This scenario would be configurable to my requirements (rank order) 
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Appendix 9.13f - This scenario would allow use by a collaborative design team I 
facilitate evaluation via the internet (rank order) 
e 60 
0 52 51 cl! 50 -
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Appendix 9.13g - This scenario would aid my creative processes I evaluation processes 
(rank order) 
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Appendix 9.13h - This scenario would allow me to use a wide range of intuitive design 
tools (rank order) 
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Appendix 9.13i - This scenario would allow me to make and view changes to a virtual 
product (e.g. changing colour) in real time (rank order) 
~ 60 
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Appendix 9.13j - This scenario would allow me to view the virtual product in a variety of 
ways using a variety of controls (rank order) 
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Appendix 9.13k - This scenario would allow me to interact with a virtual product as I 
would in real life (touch, texture, hold, interact) (rank order) 
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Appendix 9.131 - This scenario would allow me to analyse my designs using a range of 
methods and aid my evaluation processes (rank order) 
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Appendix 9.13m -I would prefer to complete a virtual product evaluation on my own 
(rather than be led by a designer) (rank order) 
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Appendix 9.13n -I would prefer this scenario to my current virtual prototyping and 
evaluation system (rank order) 
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Appendix 9.130 - Overall preference 'by score' for all concepts (rank order) 
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Criteria 
This scenario matches my idea of the next generation of DS1 
virtual prototyping technologies (42) 
DS1 
I would find this scenario comfortable to use (43) 
I would find this scenario enjoyable to use DS1 (44) 
DSS 
This scenario would require me to undertake training to use (40) 
This scenario would be configurable to my requirements DS1 (42) 
This scenario would allow use by a collaborative design DS1 
team (S2) 
DS3 
This scenario would aid my creative processes (36) 
DS1 
This scenario would allow me to use a wide range of intuitive (S1) 
design tools (2D sketching, 3D sculpting etc.) 
This scenario would allow me to view the model in a variety DS1 
of ways using a variety of controls S3) 
This scenario would allow me to interact with my designs I DS3 
model as I would in real life (touch, texture, hold, interact) (33) 
This scenario would allow me to analyse my designs using a 
range of methods and aid my evaluation processes 
I would prefer this scenario to my current virtual prototyping 
and evaluation system 
DS1 
Overall Preference (by score) (48S) 
Difference to 
2nd highest 
score 
DS2 
(-12) 
DS3 
(-21) 
DS2 
(-11) 
DS2 
(-1) 
DS3/DS4 
(-12) 
DS4 
(-1 ) 
DS4 
(-4) 
DS3 
(-12) 
DS2IDS3 
(-16) 
DS1 
(-4) 
DS1IDS4 
(-4) 
DS2 
(-8) 
DS2 
(-101) 
DSS 
(-1) 
DSS 
(-S) 
DSS 
(2) 
DS1 
(23) 
DSS 
(18) 
DSS 
(11) 
DSS 
(18) 
DSS 
(21) 
DSS 
(32) 
DS2 
(19) 
DSS 
(31) 
DSS 
(13) 
DSS 
(186) 
I..Q L01;lghb.orough 
.Umverslty 
Difference to 
2nd lowest 
score 
DS4 
(+20) 
DS4 
(+24) 
DS4 
(+23) 
DS3 
(+1S) 
DS2 
(+8) 
DS3 
(+10) 
DS2 
(+4) 
DS4 
(+7) 
DS4 
(+4) 
DSS 
(+3) 
DS2 
(+1) 
DS4 
(+12) 
DS2 
(+166) 
051: Interactive 3D workbench, 052: 3D holographic design, 053: Wireless haptic 3D workstation, D54: Immersive 
workroom, 055: Advanced wireless photo-realistic virtual reality 
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dix 9.14b - Hi hest I lowest scores for consumer criteria 
Criteria 
This scenario matches my idea of the next generation 
of virtual product evaluation technologies 
I would find this scenario comfortable to use 
I would find this scenario enjoyable to use 
This scenario would require me to undertake training to 
use 
This scenario would be configurable to my 
requirements 
This scenario would facilitate evaluation via the internet 
This scenario would allow me to analyse virtual 
products using a range of methods and aid my 
evaluation processes 
This scenario would allow me to make and view 
changes to a virtual product (e.g. changing colour) in 
real time 
This scenario would allow me to view the virtual product 
in a variety of ways using a variety of controls 
This scenario would allow me to interact with a virtual 
product as I would in real life (touch, texture, hold, 
interact) 
I would prefer to complete a virtual product evaluation 
on my own (rather than be led by a designer) 
I would prefer this scenario to my current evaluation 
methods? 
Overall Preference (by score) 
Highest 
Score 
CS2 
(39) 
CS5 
(27) 
CS2 
(36) 
CS2 
(28) 
CS2 
(30) 
CS1 
(27) 
CS2 
(38) 
CS1 
(42) 
CS2 
(43) 
CS2/CS3/CS4 
(35) 
CS4 
(26) 
CS2 
(29) 
CS5 
(318) 
Difference to 
2nd highest 
score 
CS5 
(-7) 
CS2 
(-4) 
CS5 
(-5) 
CS3 
(-6) 
CS5 
(-4) 
CS2 
(-3) 
CS1 
(-1 ) 
CS2 
(-2) 
CS1 
(-3) 
CS5 
(-8) 
CS2/CS3 
(-4) 
CS4 
(-4) 
CS4 
(-9) 
CS1 
(25) 
CS3 
(9) 
CS3 
(20) 
CS1 
(7) 
CS3 
(16) 
CS4 
(10) 
CS3 
(28) 
CS3 
(30) 
CS4 
(32) 
CS1 
(23) 
CS5 
(17) 
CS3 
(15) 
CS3 
(270) 
~ L01;lghb,orough 
.Umverslty 
Difference to 
2nd lowest 
score 
CS4/CS3 
(+1) 
CS4 
(+11) 
CS4 
(+6) 
CS4 
(+10) 
CS4 
(+3) 
CS3 
(+1) 
CS5 
(+3) 
CS5 
(+5) 
CS5 
(+4) 
CS5 
(+4) 
CS1 
(+3) 
CS5/CS1 
(+8) 
CS2 
(+17) 
CS1: Integrated evaluation desktop, CS2: 3D holographic evaluation, CS3: Integrated augmented prototyping, CS4: 
Advanced nano-tactile prototyping, CS5: Wireless haptic 3D workstation 
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Appendix 9.14 - Expert statement by David Prawel [2007] 
I.Q Loughborough 
., University 
Please feel free to be as brief or expansive in your answers as you wish 
1) What in your opinion will be the next generation of virtual prototyping hardware for 
product design & evaluation? (For example augmented prototyping or tactile displays or a 
combination of technologies) 
• Simple machines (open source hardware, free/cheap plug-ins to add value) that think 
for themselves (self-diagnose maintenance, problems, what users want to do). 
• The difference between robotics and "virtual prototyping" hardware is already blurred -
there is little distinction except for the older, traditional RP technologies. Some of the 
machines people refer to as VP machines are already self-assembling, self-thinking, 
automatons. 
• What will matter is what a machine is assembling (tissue, mechanical components, 
itself) and what materials it's using. 
2) What in your opinion are the key issues / hurdles to overcome in this area? (For 
example, cost, weight, wires!) 
• More open source "parts" and platforms. 
• Plug-compatible interfaces ("APls" if it were software), enabling add-on options and 
privateering - like USB for components. 
• New/more materials with which to produce products. 
3) What in your opinion will be the next generation of virtual prototyping software for 
product design & evaluation? (For example Adobe Acrobat 3D, new specific software or 
artificial intelligent design) 
• "Platform" architecture in open source, enabling more people to benefit from the work 
of others and add their own unique value. 
• AI, light-weight OS, "functional", purpose-driven applications, rather than menu-driven, 
drawing-based apps. 
4) What in your opinion are the key issues I hurdles to overcome in this area? (For 
example interoperability, usability) 
• Open source - more sharing expertise and accomplishments and less re-creating the 
wheel. 
• More AI (Artificial Intelligence). 
• Better APl's. 
5) If you would, please stipulate how these new developments might affect the design 
and evaluation processes used in industry? 
• Human designers can innovate more and leave the mundane, already discovered to 
the automatons. 
Thank you for your participation, your answers will form an important part of my thesis, 
if you with to remain anonymous please tick this box: 0 
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